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ACOUSTIC LINER OPTIMISATION AND NOISE PROPAGATION THROUGH
TURBOFAN ENGINE INTAKE DUCTS
by Matthew Feargus Kewin
The research in this thesis explores the prediction of fan noise propagation through turbofan
engine intakes and its radiation to the far-eld. The performance of acoustic liners installed
in intakes to attenuate noise is the focus of the study.
A commercial CAA (Computational AeroAcoustics) code ACTRAN/TM and an in-house
shell code ANPRORAD developed at the ISVR are used to predict the performance of acous-
tic liners throughout the studies presented in this thesis. An automated system for running
computations for a large number of cases with dierent liner impedance and engine operating
conditions has been developed and applied for optimising liners for maximum noise benet.
The intake liner conguration of main interest is an intake lip liner. The performance
of liners are investigated for broadband and tone noise source components of fan noise. In
the study for an intake lip liner, an optimum single layer was identied based on the opti-
misations. A series of no-ow scale rig tests were conducted in the anechoic chamber at the
ISVR and the test data have been appraised by comparing with numerical predictions.
Reasonable agreements have been achieved, and the lip liner showed measurable noise
benet. Numerical predictions of a lip liner performance have also been performed for a fan
rig intake tested in the presence of ow.Contents
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Introduction
1.1 Background
The introduction of civil aviation in the last century has resulted in a huge increase in global
travel. The aviation industry has grown, in terms of passenger-kilometres, at an average rate
of 4.9% per annum (1979-2009) and is forecast to grow at an average annual rate of 4.8%
towards 2036 [1]. Transcontinental ights have beneted both business and tourism around
the world. This increase in aircraft movements is not without consequence though. It has
been responsible for a rise in noise pollution around airports. People living near airports
can be aected by stress and sleep deprivation due to the annoyance of aircraft noise [2].
To put the concept of `noise' into context, it is often dened simply as `unwanted sound'.
In the community, trac noise is the only thing to challenge aircraft noise in terms of its
annoyance levels [3]. The level of annoyance depends on how often it happens, noise levels,
duration and when during the day and night it occurs.
1.2 The history of international aircraft noise legislation
Jet engines were rst introduced onto civil aircraft when the de Havilland Comet entered
service in 1952 powered by 4 de Havilland Ghost engines. By the end of the 1960's in excess
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of 2000 [3] jet powered civil airliners were in operation around the world. With this rapid
increase in commercial jet aviation something had to be done to control the levels of noise.
Initially this was achieved by local airport owners applying local noise limits but this only
worked for a short period [3]. In 1966 a series of law suits in the United States and many
complaints in Europe nally resulted in governments taking action [3]. An international
conference was convened in London which accepted the need for controlling the problem and
gave manufacturers the responsibility to obtain certication. In 1969 the Federal Aviation
Administration (FAA) in the United States issued a Notice of Proposed Rule Making (NPRM
69-1) [3] to inform the public about the concept of a noise certication scheme. In the same
year the United States, United Kingdom and France held talks to develop an international
scheme and under the umbrella of the International Civil Aviation Organisation (ICAO). The
outcome was to form a Committee on Aircraft Noise (CAN) to actively pursue the problem.
Following the FAA issue of NPRM 69-1 the rst noise certication scheme was implemented
in the U.S. as part 36 of the Federal Aviation Regulations (FAR) [4]. This occurred in 1971
but was retrospectively activated from the date NPRM 69-1 was issued in early 1969. The
rst Standards and Recommended Practices (SARPs) for aircraft noise certication were
published in 1971 [1]. They are contained in Annex 16 to the Convention on International
Civil Aviation (Volume I - Environmental Protection - Aircraft Noise). These standards,
based on Maximum Take-O Mass, became applicable in 1973 [5].
The ICAO regulations were essentially the same in principle as the FAR part 36 but not
quite as strict [3]. They resulted in manufacturers targeting FAR part 36 to gain global
conformance. Figure 1.1 shows the three certication reference points [5] [3] [6] that apply.
 Approach - measured directly under the ight path 2000m from the runway threshold.
 Cut-back - measured directly under the ight path 6500m from brake release.
 Sideline - measured at the point of maximum noise 450m from the runway centreline.
In the initial ICAO and FAA proposals the main dierences were the distances to the cer-
tication points, the engine speeds and the aircraft velocity required to show conformance.
These three points were selected to take account of the communities around an airport andChapter 1. Introduction 3
Noise certification points: 
-Approach 
-Cut-back or Flyover 
-Sideline or Lateral 
Cut-back 
Approach 
Sideline 
Figure 1.1: Aircraft noise certication reference points [7]
allow the use of one maximum value to be imposed at each [3]. The metric chosen was Eec-
tive Perceived Noise Level (EPNL). Even with this legislation the problem of noise around
airports was not signicantly improved. This was mainly due to the legislation only applying
to new aircraft coming into service and it not controlling the number of aircraft movements.
It took several years before further restrictions were imposed but in 1977-78 chapter 3 of
Annex 16 and Stage 3 of FAR part 36 were modied to include almost every class of aircraft
in existence. The next step was to reduce the number of older noisier aircraft in operation.
During the 1980's the rst generation of Non-Noise Certied (NNC) jet powered aircraft
were phased out in many developed countries. In the 1990's focus switched to the chapter
2 aircraft and by the end of the decade the United States had phased out all aircraft in this
category. Europe was close behind completing the phase out in 2002.
In 2001 the Advisory Council for Aeronautics Research in Europe (ACARE) published a
report `A Vision for 2020' which set a goal for a 50% reduction in noise levels by 2020.
The ICAO has introduced more stringent regulations in chapter 4 which are applicable to
aircraft certied after January 2006 [5]. In February 2010 at the 8th meeting of ICAO's
Committee on Aviation Environmental Protection (CAEP), a need for further analyses to
improve aircraft noise standards was identied. The results of this assesment are expected
to be reviewed at the 9th meeting of CAEP in 2013 [1].Chapter 1. Introduction 4
1.3 Gas turbine noise sources
Much of the audible noise in early jet engines was generated by the hot exhaust gases mixing
with the surrounding air as they exit the rear of the engine at high velocity. Introduction
of rst generation turbofans saw a signicant reduction in overall engine noise. The large
fan at the front of the engine ducts air around the core producing most of the thrust and
this allows a lower jet core velocity. Modern turbofans have been developed with larger
and larger fans thus increasing the bypass ratio. Figure 1.2 shows how the evolution of the
turbofan has changed the balance between dierent noise sources and how the reduction of
jet noise has led to the fan now being the dominant source.
The major sources of noise in a modern turbofan are identied in Figure 1.3 with arrows
indicating the main paths of propagation forwards and rearwards. Two main terms are
associated with the sources of noise in aeroengines `broadband' and `tone'. Tonal noise
occurs at discrete frequencies whilst the broadband noise is continuous over a range of
frequencies. The broadband noise in the forward arc is generated by turbulent unsteady
ow over the rotating fan blades and interaction with the stationary outlet guide vanes. In
the rearward arc the fan, turbine and combustion all contribute to the broadband noise.
Tones are generated at Blade Passing Frequency (BPF is the product of the shaft rotation
frequency and the number of fan blades) and subsequent harmonic frequencies, i.e. 2BPF,
3BPF etc. When the speed of the rotor tip is supersonic at high engine speeds `buzz saw'
(a) Typical 1960s turbojet (b) Typical 1990s Turbofan
Figure 1.2: Engine noise source comparisonChapter 1. Introduction 5
fan 
Fwd
Arc
Rear
Arc
compressor combustor
turbine
bypass duct intake outlet guide 
vanes (OGV)
Figure 1.3: Sources of noise in a modern turbofan
tones occur at multiples of the shaft rotation frequency.
To reduce the noise for an observer on the ground the noise must be reduced at source,
attenuated by acoustic treatment or re-directed. When considering improvements to aircraft
noise the impact on engine performance must also be taken into account. A noise solution
that adds weight and reduces engine eciency is very dicult to be justied commercially.
Burning more fuel also generates more carbon dioxide and nitrogen oxide emissions. With
continued growth in the aviation industry controlling the associated environmental issues will
receive increasing emphasis. Research has highlighted concerns for global warming [8] and
the rate at which it is occurring [9], suggesting future engineers will be faced with enormous
challenges to maintain the status quo.
1.4 Motivation and approaches of the current study
The research presented in this thesis was conducted in partnership with Rolls-Royce plc as
part of the Engineering Doctorate program. As a result of legislation continuing to reduce the
levels required for aircraft noise certication, industry has been forced to invest in nding
new ways to achieve compliance. To design, manufacture and test new concepts is time
consuming and expensive. Advances in computational capabilities and numerical modelling
methods have provided valuable information to designers and justication for investment inChapter 1. Introduction 6
novel technologies. Numerical models are validated with measured experimental data and
generate increased condence in computational predictions. By using these computational
methods as part of a design cycle the process is considerably more ecient. New ideas can
be simulated by computational models and assessed for performance before any costs are
incurred to manufacture and test. Software packages which can incorporate a realistic engine
geometry and uid ow are available and widely used for noise propagation problems [10].
Acoustic liners installed in the engine intake and bypass ducts are one of the typical meth-
ods to reduce fan noise for aircraft engines. Finite/Innite Element (FE/IE) software can
be used to assess the installed performance of such liners. The software of this type which
will be used throughout this thesis is ACTRAN/TM [11]. A shell code ANPRORAD, de-
veloped at the Institute of Sound and Vibration Research (ISVR), was used in conjunction
with ACTRAN/TM. ANPRORAD automatically performs the pre-processing, executes AC-
TRAN/TM and post-processes the results into a designated format for a given set of input
parameters. The parameters supplied to ANPRORAD only generate a solution for a single
liner specication at a single operating point. To evaluate the total performance of an acous-
tic liner the ANPRORAD process has to be executed repeatedly for a sequence of frequencies
and engine conditions. The number of jobs to be executed depends on the number of liner
congurations, frequencies and the ow conditions to be considered. The above calculations
need to be performed for a large number of impedance values for optimising liners. In prac-
tice, these calculations must be performed with a timescale acceptable to industry; hours to
days rather than weeks. In order to achieve this target an automated system for multiple
ANPRORAD-ACTRAN/TM jobs has been developed and applied in studies presented in
this thesis.
The intake liner congurations of main interest are an intake lip liner and axailly segmented
barrel liners. A lip liner is an intake liner which extends to the highlight region of the intake.
The use of such liners was previously studied within EC Fifth Framework SILENCE(R) pro-
gramme [12] [13]. The ndings of this research are reviewed and further developed within
the current study as part of the UK TSB (Technology Strategy Board) SYMPHONY (SYs-
tem Manufacturing and Product design tHrough cOmponent Noise technologY) project. An
optimisation study was conducted for the intake barrel and lip liners for a typical intake
at ight conditions. Based on the results, acoustic liners were designed for no-ow scaleChapter 1. Introduction 7
rig tests. A series of no-ow tests were conducted in the anechoic chamber at the ISVR.
Numerical predictions for the test rig congurations were also performed using ANPRORAD-
ACTRAN/TM and compared to the test data.
The performance of an axially segmented intake barrel liner was investigated as a separate
study not included in this thesis. The ANPRORAD-ACTRAN/TM prediction tools were
again used to model an intake rig and liner optimisation studies were performed for a uniform
double layer intake liner and for liners consisting of two axial segments.
1.5 Original contributions
1.5.1 Liner optimisation
 Developing ANPRORAD-ACTRAN/TM to perform large scale broadband multi-mode
predictions of a lip liner benet for the SILENCE(R) axisymmetric ight intake
 Validation of ANPRORAD-ACTRAN/TM data against existing SILENCE(R) results.
 Conducting optimisation of the barrel liner impedance for the SILENCE(R) ight intake
geometry, by using ANPRORAD-ACTRAN/TM models.
 Conducting an optimisation study of a lip liner impedance when used with the optimised
barrel liner for the SILENCE(R) ight intake.
 Specifying the barrel and lip liner properties derived from optimisation studies for the
no-ow test rig.
1.5.2 Assessment of ANPRORAD-ACTRAN/TM as a viable method of large
scale broadband multi-mode optimisation
 Conducting no-ow in tests in the ISVR facility.
 Demonstration of lip liner performance by appraising measured data acquired in the
ISVR no-ow tests.Chapter 1. Introduction 8
 Validating numerical predictions against measured data by performing numerical sim-
ulations for no-ow tests.
 Evaluation of the acoustic performance of the lip liner in the no-ow test based on
measured and simulated data.
1.5.3 Appraisal of rig test data
 Conducting numerical studies with ANPRORAD-ACTRAN/TM on the acoustic per-
formance of a lip liner for an intake fan rig.
 Validation of numerical predictions of the noise benet obtained by a lip liner by com-
parison with measured data.
1.6 The Engineering Doctorate programme
The Engineering Doctorate (EngD) programme is designed to incorporate the academic
qualities of a typical PhD and apply them to real industrial problems. It is dierent from
a PhD as it is a four year programme and involves a taught component comprising of both
technical (MSc) and management (MBA) modules in addition to research. The management
content is roughly equal to 50% of that required for a full MBA. EngD students are designated
as Research Engineers (RE) and have an industrial sponsor who identies areas of research
they have an interest in. In this case Rolls-Royce plc who also have a major role in the
University Technology Centre (UTC) in Gas Turbine Noise at the ISVR. The nature of the
research can be quite broad but should encompass a common theme.
1.7 Planning and progress
During the course of the EngD there has been a variety of work undertaken relating to gas
turbine noise. A work plan of the tasks undertaken during the four year EngD programme
is shown in Figure 1.4. The most time was spent during the rst two years on courses andChapter 1. Introduction 9
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Figure 1.4: Research workplan for the EngD programmeChapter 1. Introduction 10
researching sound propagation through a co-axial sheared jet exhaust. This work is not
included here because it does not t within the scope of the thesis. All the research included
here is mainly conducted in the nal two years of study.
A number of work packages were agreed between the ISVR and Rolls-Royce plc. The author
was responsible for delivering the results to satisfy the project requirements. The types of
deliverables included, specication reports, numerical analyses, planning the test schedule,
producing the test matrix, assisting with the tests and producing nal reports. These tasks
were mostly conducted as part of research programmes in collaboration with industrial part-
ners such as TSB project SYMPHONY. For the SYMPHONY tasks, the author worked
closely with GKN Aerospace and Bombardier Aerospace as well as Rolls-Royce.
1.8 Outline of contents
The content of this thesis is separated into nine chapters. Chapter 2 contains a review of
the literature on aeroacoustic prediction methods and liner optimisation techniques.
Methods for predicting fan noise propagation and for optimising acoustic liners used in the
studies presented in this thesis are presented in chapter 3. The application of the FE/IE
software ACTRAN/TM and the ANPRORAD shell code to the fan noise propagation and
radiation problem is dicribed. The optimisation of the liner properties was achieved by
applying a Rolls-Royce proprietary code with the noise attenuations predicted by using
ANPRORAD-ACTRAN/TM system.
ANPRORAD-ACTRAN/TM modelling incorporating a lip liner and an optimisation study
for SYMPHONY is presented in chapter 4. The numerical predictions are veried against
existing predictions by Hamilton [12] [13] prior to conducting optimisation studies. The inner
barrel liner properties are optimised initially and the lip liner properties are subsequently
optimised. In chapter 5 the set up for the no-ow intake rig test is detailed. Planning
and preparation activities are discussed along with the test procedure and data acquisition
methods. The data acquired during the no-ow test are appraised in chapter 6 in comparison
with ANPRORAD-ACTRAN/TM predictions.Chapter 1. Introduction 11
The lip liner performance is revisited in chapter 7. This time the test data acquired from an
intake fan rig at the AneCom test facility in Germany are discussed.
Finally, conclusions and suggestions for future work are given in chapter 8.Chapter 2
Literature Review
2.1 Introduction
The problem of aircraft noise has been recognised as a signicant issue since the 1960's
with the rst Standards and Recommended Practices (SARPs) published in 1971 by the
International Civil Aviation Organisation (ICAO). Research has been continuing into noise
generation and propagation in aeroengines for over 50 years. In 2001 the Advisory Council
for Aeronautics Research in Europe (ACARE) set a goal for a 50% reduction in noise levels
by 2020 [14]. To meet these targets current prediction methods and technologies to reduce
engine noise must continue to be developed.
Methods of analytical and numerical prediction of sound propagation through aero-engine
intakes are reviewed rst. Then acoustic liner optimisation methods for application to liner
design and manufacture are reviewed.
Predicting aircraft noise generation and propagation can generally be categorised as analyt-
ical or numerical methods. In order to validate these methods they must be be calibrated
with data obtained from measurement. The focus of this study is the radiation of fan noise
forward through the intake and its propagation to the far-eld.
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2.2 Analytical methods
Analytical methods are generally simplied to uniform cylindrical or annular ducts with uni-
form mean ow. A review of these methods is presented by Eversman [15]. Many analytical
methods for fan noise propagation are based on the work of Tyler and Sofrin [16] pioneered
in the early 1960's. They considered the sound eld present in an aeroengine intake duct in
terms of acoustic modes and mode angles.
2.2.1 Modal methods
The rst known work to apply mode matching to an axially segmented lined duct with
uniform ow was published by Lansing and Zormumski [17] and such methods have been used
widely by industry to estimate liner performance. More recently McAlpine et al [18] used
this to optimise an axially segmented liner. Other recent applications of of this approach can
be found in [19{23]. An alternative mode matching formulation has been proposed by Astley
et al [24] which includes additional terms to account for axial impedance discontinuities.
2.2.2 Multiple scale methods
A number of multiple scales solutions for ducts with slowly varying properties (duct diameter,
mean ow and wall impedance) in the axial direction have been presented by Rienstra and
others [25]. An exact solution is found for modal sound propagation in a uniform duct is
used to obtain ows to a slowly varying lined duct. This method was compared with a
numerical Finite Element (FE) solution by Rienstra and Eversman [26].
2.2.3 Radiation models
The simplest analytical solutions for noise radiated from a turbofan engine is given by the
acoustical solutions for radiation from a anged cylindrical or annular duct. Exact theoretical
expressions were derived for modes radiated from an unanged circular duct as describedChapter 2. Literature Review 15
by [27] and extended to the case with ow by Homicz and Lordi [28]. Munt [29,30] considered
a cylindrical duct with various mean ows and studied the far-eld directivity and in-duct
reection coecients. Gabbard and Astley [31] extended this approach using the Wiener-
Hopf technique, and building on work by Reinstra [32] and Munt [29], to include an annular
jet with a free-stream and a centre body. This extension of the Munt solution by Gabard is
applied to bypass problems not covered in this thesis.
2.2.4 Ray acoustics
Ray tracing techniques have been used by Kempton [33{35] to model the sound propagation
in variable ducts with acoustic liners and the eects of refraction by ow. Ray acoustics is
limited to high frequencies where the wavelength is small compared to the problem geometry.
This method does not model the eects of diraction and interference as investigated by Boyd
et al [36]. The benet of ray acoustics is at high frequencies where mode methods are limited
by the large number of modes which are present.
2.3 Numerical methods to model sound propagation and radiation
through turbofan intakes
Numerical methods for noise propagation in moving ows have, in recent years, developed
a unique identity in the eld of Computational Aero-Acoustics (CAA) [10,37]. Previously
much of this work was included under the more general heading of Computational Fluid
Dynamics (CFD). or as an extension of classical nite and boundary element methods for
acoustics in the absence of ow. Various CAA methods have been developed over the last
20 to 30 years to model the noise propagation within turbofan engine ducts.
The CAA methods in general include source and propagation models. Source models, which
are not the focus of this study, include high resolution approaches such as Direct Numerical
Simulation (DNS), Large Eddy Simulation (LES) and Reynolds Averaged Navier-Stokes
(RANS) calculations. Propagation models are commonly based on the Linearised EulerChapter 2. Literature Review 16
Equations (LEE). The numerical solutions can be found using a time domain or frequency
domain approach. In the time domain, solutions for a complete range of space-time data are
obtained. For a frequency domain method, solutions are found only for a single frequency.
2.3.1 Boundary element methods
In the Boundary Element Method (BEM) the boundary surface of the problem domain is
discretised instead of the domain itself. The benet of this method is a reduced number of
unknowns which can be attractive for industral application when fast solutions are required.
The downside to the BEM is that it is restricted to uniform or zero mean ow. The compu-
tational time for BEM is not necessarily smaller than for the Finite Element Method (FEM)
due to the full coecient matrix.
The BEM method has been used to assess the eects of scattering in realistic intakes with
ow and was investigated by Lidoine et al [38]. Performance of a three-dimensional Nega-
tively Scarfed Intake (NSI) has been investigated by Mont etagaud and Montoux [39]. The
negatively-scarfed intake has an extended area in the lower half of the intake nacelle to re-
direct sound away from the ground. Broszat et al [40] applied BEM to a Virtual Scarfed
Intake (VSI) which tries to emulate the NSI by employing a non-uniform liner conguration
rather than a physical change in nacelle geometry. Recent development of the Fast Mulitpole
Method (FMM) has improved eciency over the conventional BEM and has been presented
in work by Delnevo et al [41].
2.3.2 Finite element methods
In this study the numerical models are focused on solutions to the LEE and involve Finite
and Innite Element (FE/IE) methods. These are developed from `wave envelope' models
from the 1980's [42]. In the 1990's the FE methods were complimented by the introduction of
IE methods [43]. The benet from using these methods for an axisymmetric problem are the
reduction in computational time and associated resources. This allows predictions for a wide
range of useful parameters to be calculated within an acceptable time frame for industrialChapter 2. Literature Review 17
research and development. FE/IE methods are only applied to linear propagation problems
and subsequently cannot model the non-linear eects seen particularly in an intake duct
at high engine speeds. The computational time for the axisymmetric problem is generally
acceptable for modelling modern turbofan intakes.
2.3.3 Time domain methods (LEE)
Time domain methods are dened as structured or unstructured depending on the type of
grid used.
The Dispersion-Relation-Preserving (DRP) nite dierence scheme of Tam and Webb [44]
is widely used for time domain problems. A high order temporal and spatial scheme was
used by Richards et al [45] and based upon the solution of the three dimensional LEE. This
method takes account of mean ow swirling eects and the presence of an acoustic liner
using a time domain impedance boundary condition. Schoenwald et al [46] implemented a
DRP scheme with a high order nite dierence CAA code TUBA to simulate propagation
in the time domain for a three dimensional scarfed intake geometry.
The Discontinuous Galerkin Method (DGM) is the most recent time domain method to be
applied to CAA and is an unstructured approach to solving the LEE [47{49]. It allows the
use of high-order spatial discretisation schemes [50]. This gives greater exibility in the mesh
generation process over the structured methods.
2.3.4 Frequency domain methods (LEE)
Ozyoruk [51] has developed a frequency domain nite solver called FLESTURN developed
within the EU project TURNEX (TUrbomachinery noise Radiating through the Engine
eXhaust). FLESTURN solves the LEE using a MUMPS sparse solver. This method has
recently been compared against measured data by Ozyoruk and Tester [52]. A method to
remove the Kelvin-Helmholtz instabilities in the LEE solutions has been shown by Agarwal
et al [53] using a direct solver in the frequency domain.Chapter 2. Literature Review 18
2.3.5 Full Euler equation methods
Ozyoruk and Long [54] have also used a high order nite dierence scheme to solve the
full Euler equations for an engine intake. This method was able to include the non-linear
propagation which occurs close to the fan at high power settings. The full Euler equations are
also used in computational aero-acoustic propagation problems. The benet of this method
is that it avoids the problem of Kelvin-Helmholtz instabilites which occur in linear schemes.
A high order code called sAbrinA has been developed at ONERA (Oce National d'Etudes
et de Recherches A eronautique) to solve the full Euler equations. This code is applied to
a realistic exhaust geometry by Redonnet et al [55] and includes the pylon and internal
bifercations.
2.4 Liner optimisation
At low engine powers fan noise is one of the dominant sources for a modern High Bypass
Ratio (HBR) turbofan engine [3]. One of the most successful methods of reducing fan noise
has been acoustic treatment within the engine intake, bypass and core ducts [56]. The ability
to optimise acoustic liners eciently and eectively is fundamental to continued progress in
this area. Dierent methods of optimisation have been employed for uniform, axial and
checkboard liner congurations. The physical properties of these liners are dened by Single
Degree Of Freedom (SDOF) and Double Degree Of Freedom (DDOF) constructions [57].
These single layer (SDOF) and double layer (DDOF) liners are discussed further in Chapter
3.
2.4.1 Uniform and axially segmented liners
A uniform liner has constant impedance as opposed to an axially segmented liner which has
dierent impedances applied to each segment. Lafronza et al: [19,20] performed an optimisa-
tion study to predict whether the axially segmented liner oered improved performance over
the uniform liner. This study considered both single-mode and multi-modal noise sources.Chapter 2. Literature Review 19
A mode-matching formulation was used rather than the alternative nite element method
to demonstrate the optimsation method could be conducted in practical timescales. A cost
function for Percieved Noise Level (PNL) [58], which is measured in PNLdB, was used. A
Response Surface Method (RSM) [59] was used to perform the optimisation for a SDOF liner.
The authors concluded that the the axially segmented liner is only benecial when a small
number of modes are propagating. Following on from this work Achunche et al: [60,61] used
a nite element method with a SOFT (Smart Optimisation For Turbomachinery) system
tool to optimise single layer, axially segmented liners in a turbofan bypass duct.
Astley et al: [62] compared two methods of liner optimisation for a single layer uniform
liner located in an axisymmetric engine intake. The rst method requires a large number of
computations to be performed for a grid of impedance values at a range of frequencies. The
results are stored as tables of attenuation which can then be used to identify the optimal
liner properties with the aid of an appropriate cost function and liner model. This method
forms the basis of this thesis and is also used in this thesis. The second method applies the
automatic optimisation techniques in SOFT to the same intake. Both methods use the nite
element method to predict the radiated far-eld sound pressure. The results show that both
optimisation methods require similar computational eort for a single uniform liner.
A continuation of the axial segmented liner concept is to include multiple segments i.e
typically more than two. Optimisation of multi-segment liners has been presented by Law
and Dowling [21{23,63,64]. In [63] they demonstrated the importance of the cost function
for optimising liner design. They presented a comparison between two cost functions, one for
acoustic power at the duct exit and the other for sound pressure experienced by an observer
on the ground. The conclusion was that a reduction in sound pressure at the observer
could be achieved whilst the acoustic power at the duct exit increased. Furthermore, they
concluded that the double layer liner could outperform the single layer liner claiming the
greatest benets would come from multi-segment liners. In [21,23] they neglect acoustic
scattering between axial liner segments in the optimisation procedure. It was found that
greater attenuation was possible for broadband noise if the liners were intelligently positioned
with the most eective liners located nearest the noise source. This was extended to consider
the transfer of acoustic energy between radial modes at liner mutliple segment interfaces from
a tone noise source in [22]. It was found that inter-liner scattering often had a detrimentalChapter 2. Literature Review 20
eect. Where several radial modes were cut-on the modal energy appeared to scatter into
lower radial orders rather than the more desirable higher orders.
2.4.2 Checkerboard liners
Checkerboard liners are segmented both axially and circumferentially. Performance of checker-
board liners has been studied by Robinson and Watson [65]. Uncertainty in liner impedances
due to manufacturing tolerances and installation procedures were considered. A nite el-
ement method was used to calculate the radiated power at the exit of a rectangular duct.
The results showed that these checkerboard liners had less than a 25 percent chance of out
performing a uniform liner.
2.4.3 Lip liners
A lip liner is one which is positioned in the region between the end of the barrel liner furthest
from the fan and the intake nacelle highlight. The eect of extended lip liners was presented
by Astley and Hamilton [66]. They concluded that the extended lip liner should not be
considered as just an extension to a cylindrical barrel liner, and that it was more eective
than a simple scaling of the attenuation for the increased liner area. It was shown that the
radiated sound eld involved complex interactions between the intake geometry, mean ow
and the lip liner.
Gantie and Clewley [67] considered the benets of a lip liner installed on a drooped intake
with no hardwall section (zero splice) between the barrel and lip liners. A numerical evalu-
ation was performed using a three dimensional version of ACTRAN/TM and compared to
test data acquired at the AneCom test facility in Germany. The results show the lip liner to
be eective for all frequencies considered and for all ight conditions.Chapter 2. Literature Review 21
2.4.4 Zero Splice Intake (ZSI) liners
Intake liners have until recently been manufactured in two or three lined segments which are
assembled in an engine intake resulting in longitudinal acoustically hard splices where they
join. A zero splice liner conguration is considered by Batard [68]. Numerical simulations
showed the benet of eliminating splices in the intake nacelle. A zero splice intake was rig
tested wand demonstrated signicant noise reductions [69]. Full scale tests were performed
within the SILENCE(R) programme with disappointing results initially. The cause was
attributed to the splice width exceeding the initial specications. A later test demonstrated
the real benet of zero splice technology with the results in agreement with rig data.
Optimisation of a `true' zero splice liner was presented by Copiello and Ferrante [70]. The
distinction of `true' over a conventional `zero splice' liner was considered necessary to dier-
entiate the AleniaAermacchi manufactured liner from other liners manufactured with larger
joins. A multi-objective approach was used with an analytical prediction method to dene
the liner paramters. The liners are optimised for fan noise using an Eective Perceived Noise
Level (EPNL) cost function at three engine conditions, approach, yover (or cut-back) and
sideline (or Take-o). The benet of this method is the speed at which solutions can be
found in an automated manner. More recently Ferrante and Copiello [71] have presented
experimental results from rig test at AneCom. They concluded that the 'true zero aplice'
double layer liner exhibited the highest overall attenuation at all engine conditions. The
presence of small splices only produced a slight penalty when compared to the 'true zero
splice' conguration. The eects of splices were found to be greatest at high engine power
settings.
GKN Aerospace and Honeywell Aerospace also researched the performance of SDOF and
DDOF `zero splice' intake liners as presented by Vavalle et al: [72]. Testing was conducted
at Honeywell's San Tan acoustic test facility in Pheonix, Arizona. The results show that the
greatest benet from the seamless (or `zero splice') double layer liner is found at the highest
engine power settings. Schuster et al: [73] presented an ecient multi-delity optimisation
methodology for seamless acoustic liners located in engine intakes. They compare the low-
delity results using an ESDU code with those from a high-delity ACTRAN code. The twoChapter 2. Literature Review 22
methods were found to provide similar optimum impedance and attenuation spectra. The
speed of the low delity method makes it desirable for industrial applications.Chapter 3
Prediction methods
3.1 Introduction
In order to model noise propagation through an engine intake and its radiation to the far-
eld it is important to consider the components required to build it. First an understanding
of the components that make up the noise source at the fan plane is required. Then the
process of how the sound propagates along the duct must be considered. Finally the sound
eld must be modelled as it radiates out to the far-eld shown in Figure 3.1. In this chapter
a review of the methods which represent these elements in this thesis is presented.
Fwd 
Arc 
Nacelle  Fan 
Far-field 
(radiation) 
Near-field 
(propagation) 
Figure 3.1: Major intake components and sound eld regions for a turbofan engine
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3.2 The fan noise in turbofan engines
The acoustic sources considered in the current study are those generated by the fan system.
These noise sources are generated by fan blade aerodynamics, the Outlet Guide Vanes (OGV)
and interactions between them. The number of fan blades and corresponding OGV's, and
the distance between them inuences the sound eld that is generated. This propagates
through the intake and radiates to the far-eld.
The sound eld generated by the fan consists of broadband and tone components. The fan
noise spectrum for the approach condition, where fan speeds are low, is shown in Figure 3.2.
Tones are seen to dominate this spectrum at Blade Passing Frequency (BPF) and subsequent
harmonics with broadband noise present between these tones.
The noise spectrum during take-o is shown in Figure 3.3. Fan speeds are higher during
this phase and the BPF tones are much stronger. The region between the BPF tones is
dominated by `buzz-saw' noise.
Broadband noise is generated at all frequencies. It is associated with random turbulent
scales in the ow particularly in the rotor boundary layer, the rotor wakes and the boundary
layer of the cavity wall.
Tonal noise is generated at discrete frequencies. A rotating pressure eld on the fan face
generates rotor locked tones at multiples of the blade passing frequency. Distortion and inter-
action components are also generated by interactions with steady distortion in the incoming
Figure 3.2: Frequency decomposition of fan noise at approach [7]Chapter 3. Prediction methods 25
Figure 3.3: Frequency decomposition of fan noise for take-o [7]
ow and by interaction of the rotor wakes with the stators (OGV) [16].
When the fan blades are travelling supersonically shock waves are formed between the blades.
Due to small manufacturing tolerances the blades are not identical, causing variation in the
propagating shocks. The resulting sound eld consists of `buzz-saw noise' generated at
single multiples of the shaft rotation frequency, termed `Engine Orders' (EO) [74] [75]. The
frequency of the mth EO is shaft rotation frequency multiplied by m.
3.3 Acoustic liners in engine ducts
A typical acoustic treatment to reduce fan noise is acoustic liners in intake and bypass ducts.
On a locally reacting surface in the absence of grazing ow the acoustic property of a surface
is given by the relationship between the the acoustic pressure p and the normal component
of the acoustic particle velocity v as
Z(!) =
p(!)
vn(!)
(3.3.1)
where Z is the dimensional specic acoustic impedance of the surface and ! is the angular
frequency.
In the case of an acoustically hard, perfectly re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vn is zero, given by
vn = 0; (3.3.2)
and therefore the impedance is innity. When an acoustic liner is present on the engine
intake wall the impedance of the surface is determined by the properties of the liner.
The acoustic properties of a liner at a particular frequency are expressed by the complex
specic acoustic impedance,
Z
c
= R + i; (3.3.3)
where  is the uid density, c is the speed of sound, and R and  are non-dimensional
resistance and reactance respectively.
A typical construction of a Single Degree of Freedom (SDOF) liner is shown in Figure 3.4.
A SDOF liner consists of a facing sheet (perforate, mesh or mesh+perforate support) backed
by a single layer of cellular separator such as honeycomb cells with a solid backing plate. The
SDOF liner absorbs acoustic energy by converting it to heat through frictional dissipation.
Air is forced though holes in the porous facing sheet by the sound pressure wave. This ow
of air reverses between points of maximum and minimum pressure. The honeycomb cell
sections isolate the pressure eld in each cell creating a locally reacting liner.
The impedance of a SDOF liner is given by [57]
Z
c
= Rfs + i[kl   cot(kd)]; (3.3.4)
where Rfs is the facing sheet resistance, d is the liner cell depth, l is the mass inertance of
the facing sheet, k = 2f=c is the wavenumber and f is the frequency. For an acoustic liner
flow flow
Facing sheet 
Honeycomb cell 
section 
Solid backing 
sheet 
(a) SDOF liner construction
Sound waves 
Solid backing sheet 
Porous facing sheet 
Honeycomb cell section 
(b) SDOF liner mechanism
Figure 3.4: Typical construction of SDOF acoustic linersChapter 3. Prediction methods 27
with an innitely thin facing sheet the maximum sound absorption occurs where the liner
depth d is a multiple of one quarter of the wavelength. This is when the velocity through
the facing sheet and the energy dissipation are greatest. The liner can therefore be tuned to
designed to absorb noise at frequencies which are considered most important.
In the presence of grazing ow Equation (3.3.1) must be modied. If a `slip' condition is
assumed on the wall, and by assuming that the boundary layer at the surface is innitely
small, and for time harmonic perturbations the boundary condition proposed by Myers [76]
is given by
vn = v  n =
 p
Z

+

1
i!

v0  r
 p
Z

 
 p
i!Z

n  (n  rv0); (3.3.5)
where n is the unit vector normal to the surface v is the acoustic particle velocity and v0
is the mean ow velocity. The correct application of this boundary condition in numerical
formulations is discussed by Eversman [77].
3.4 Governing equations for acoustic propagation
Acoustics is governed by three fundamental physical principles; the conservation of mass,
the conservation of momentum and the conservation of energy. In the case of an adiabatic
compressible gas, the latter can be replaced by the isentropic equation of state. Together
these equations dene the Navier-Stokes equations for a viscous uid or Euler equations for
an inviscid uid. The Euler equations are assumed in all that follows.
The continuity equation is expressed as [15]
@p
@t
+ r  (
v
) = 0; (3.4.1)
where  is the total density, v is the total velocity, p is the total pressure and t is the
time. The momentum equation in the absence of viscous stresses is expressed as
@v
@t
+ (v
  r)v
 =  
1
rp
; (3.4.2)
and the equation of state is expressed as
p
 = K
; (3.4.3)Chapter 3. Prediction methods 28
where K is a proportionality constant and  = Cp=Cv is the ratio of Cp, specic heat capacity
at constant pressure and Cv, specic heat capacity at constant volume.
3.4.1 The linearised equations
In modelling acoustic propagation it will be assumed that the total ow variables can be writ-
ten as the sum of a steady mean ow component and an unsteady perturbation component.
This implies the total ow variables can be written as

 = 0 + ; (3.4.4)
p
 = p0 + p; (3.4.5)
v
 = v0 + v; (3.4.6)
where 0, p0 and v0 are the steady mean ow variables for density, pressure and ow velocity
and , p and v are the respective variables for the unsteady perturbations. In the following
studies the model is based on linearised equations. By ignoring second-order and higher order
terms in the unsteady perturbations the Linearised Euler Equations (LEE) are obtained. The
Linearised continuity equation is written as [15]
@p
@t
+ r  (0v + v0) = 0; (3.4.7)
and the linearised momentum equation as
@v
@t
+ v0  rv +
1
0
rp + v  rv0  
1
p00
prp0 = 0: (3.4.8)
The acoustic equation of state is then linearised to give
p = 
p0
0
 = c
2
0; (3.4.9)
where c0 is the local speed of sound in the mean ow.
If the mean ow and unsteady perturbations can be assumed to be irrotational, then
v
 = r
; (3.4.10)
v0 = r0; (3.4.11)
v = r; (3.4.12)Chapter 3. Prediction methods 29
where  is the total velocity potential, 0 is the mean ow velocity potential and  is
the velocity potential of the acoustic perturbation. Substitution of these expressions into
equation (3.4.7) gives the irrotational acoustic continuity equation
@
@t
+ r  (0r + r0) = 0: (3.4.13)
The linearised momentum Equation (3.4.8) can be combined with Equation (3.4.9) to give
an unsteady Bernoulli equation [10];
p =  0

@
@t
+ r0  r

: (3.4.14)
3.4.2 Time harmonic equations
In all that follows it will be assumed that the acoustic eld can be decomposed into time
harmonic acoustic perturbations that behave like ei!t, where ! is the angular frequency.
From equations (3.4.9), (3.4.13) and (3.4.14), by replacing the operator (@=@t) by (i!), we
obtain
i!p + r  (0r + v0) = 0; (3.4.15)
and
p =  0(i! + r0  r); (3.4.16)
where p,  and  now represent the complex variables in the frequency domain. By elimi-
nating variable p we obtain the convected Helmholtz equation [10]
(i! + v0  r)

0
c2
0
(i! + v0  r)

  r  (0r) = 0: (3.4.17)
From this point forwards the unscripted variables p,  and v refer to the complex amplitudes
of pressure, velocity potential and acoustic particle velocity respectively.
3.5 Acoustic propagation in cylindrical ducts with a uniform sub-
sonic ow
Considering the acoustic eld in an engine intake as the superposition of acoustic duct modes
provides a useful facility to analyse noise propagation. Due to the presence of a spinner theChapter 3. Prediction methods 30
intake duct is annular at the fan plane and the cross-sectional area varies along the axis. The
duct has a cylindrical cross-section beyond the tip of the spinner. The form of the solutions
in an innitely long uniform duct with a constant cylindrical or annular cross-section, as
shown in 3.5, are presented below.
Consider the acoustic propagation in a uniform duct with a uniform subsonic ow with Mach
number M along the duct axis. The convected Helmholtz equation 3.4.17 is reduced to
r
2   M
2@2
@z2   2ikM
@
@z
+ k
2 = 0: (3.5.1)
This equation can be shown to hold also when the velocity potential  is replaced by the
acoustic pressure p. This can be re-written in cylindrical coordinates (r;;z) as
@2
@r2 +
1
r
@
@r
+
1
r2
@2
@2 + (1   M
2)
@2
@z2   2ikM
@
@z
+ k
2 = 0: (3.5.2)
When  is assumed to vary as eim in the circumferential direction where m is an integer,
the above equation reduces to
@2
@r2 +
1
r
@
@r
 
m2
r2  + (1   M
2)
@2
@z2   2ikM
@
@z
+ k
2 = 0: (3.5.3)
In a uniform cylindrical duct, the general solution for acoustic velocity potential can be
expressed as a summation of modes [15] given by
(r;;z) =
1 X
m= 1
1 X
n=1
Jjmj(krmnr)e
im(a
+
mne
 ik+
zmnz + a
 
mne
 ik 
zmnz); (3.5.4)
where Jjmj is the Bessel function of order jmj, krmn is the radial wavenumber whilst k+
zmn and
k 
zmn are the axial wavenumbers of mode (m;n) where m is the circumferential mode order
y  r 
x 
z 
θ 
(a) Cylindrical duct
y  r 
x 
z 
θ 
b 
a 
(b) Annular duct
Figure 3.5: Duct co-ordinate systemsChapter 3. Prediction methods 31
and n is the radial mode order. The velocity potential mn for a particular mode (m;n) is
given by
mn(r;;z) = A

mnNmnJjmj(krmnr)e
ime
 ikzmnz; (3.5.5)
where Nmn is a normalization factor while A
mn is the modal amplitude of the velocity
potential . Similarly the acoustic pressure pmn of mode (m;n) is expressed by
pmn(r;;z) = A
p
mnNmnJjmj(krmnr)e
ime
 ikzmnz; (3.5.6)
where Ap
mn is the modal amplitude of the acoustic pressure mode. A
mn and Ap
mn are related
through
A

mn =
Ap
mn
 i0c0(k   Mkzmn)
: (3.5.7)
In the case of a hard outer wall of a radius of a the radial wavenumber krmn can be obtained by
applying the boundary condition @=@r = 0 at r = a which requires the radial wavenumber
krmn to be a root of the equation
J
0
jmj(krmna) = 0: (3.5.8)
A more complex eigen problem in the case of a lined outer wall is dened in [15].
The solution for an annular duct as illustrated in Figure 3.5(b) starts with a general solution
of the form
(r;;z) =
1 X
m= 1
1 X
n=1
 
AmnJjmj(krmnr) + BmnYjmj(krmnr)

e
im(a
+
mne
 ik+
zmnz + a
 
mne
 ik 
zmnz);
(3.5.9)
where Yjmj is the Neumann function of order jmj. In the case of an unlined duct the radial
wavenumbers krmn can then be found by applying the hardwall boundary conditions at r = a
and r = b to give
J
0
jmj(krmna)Y
0
jmj(krmnb)   J
0
jmj(krmnb)Y
0
jmj(krmna) = 0: (3.5.10)
If h is dened as
h = b=a; (3.5.11)
and mn is dened as
mn = krmna; (3.5.12)
Equation 3.5.10 can be rewritten as
J
0
jmj(rmn)Y
0
jmj(rmnh)   J
0
jmj(rmnh)Y
0
jmj(rmn) = 0: (3.5.13)Chapter 3. Prediction methods 32
For a particular value of m, the nth root mn of the corresponding eigen problem (Equa-
tions (3.5.8) for a cylindircal duct and (3.5.13) for an annular duct) determines the radial
wavenumber krmn
krmn =
mn
a
: (3.5.14)
Once the radial wavenumber is known the axial wavenumbers k+
zmn and k 
zmn can be obtained
from the dispersion relation
k
+
zmn =
 kM +
p
k2   2k2
rmn
2 ; (3.5.15)
k
 
zmn =
 kM  
p
k2   2k2
rmn
2 ; (3.5.16)
where  =
p
1   M2.
From these expressions it can be seen that when k2   2k2
rmn is positive then the axial
wavenumber k
zmn are purely real and the mode (m;n) will propagate along the duct. In this
case the mode is called cut-on. When k2   2k2
rmn is negative then the axial wavenumber
will have an imaginary part and the acoustic mode will decay rapidly. These modes are
identied as cut-o and can be ignored if the required solution is far enough from the modal
source. For a mode (m,n) the cut-o frequency, fco
mn the lowest frequency at which the mode
will propagate, is given by
f
co
mn = krmn
p
1   M2: (3.5.17)
The cut-o ratio, mn of a mode (m;n) at a frequency f, is dened as
mn =
f
fco
mn
: (3.5.18)
If mn < 1 the mode is cut-o and decays exponentially. When mn  1 the mode is cut-on
and can propagate.
3.6 Computational model
In section 3.5 it was noted that analytic solutions for the pressure eld in a uniform cylin-
drical or annular duct with uniform ow can be expressed as a superposition of modes. InChapter 3. Prediction methods 33
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Figure 3.6: External FEM semi-circular boundary with radius a
order to consider realistic aero-engine intakes, non-uniform geometries and mean ow must
be taken in to account. To achieve this it is necessary to solve the governing equations nu-
merically rather than analytically. The numerical method adopted in this thesis is the Finite
Element/Innite Element (FE/IE) method described by Astley [78] [79] and implemented
in ACTRAN/TM [80]. The near eld region of the intake geometry is discretised into nite
elements. Outside the FE domain is a region of innite elements (see Figure 3.6) where a
multipole expansion of arbitrary order models the waves travelling out to the far-eld. The
governing equations are then solved for discrete values of the acoustic velocity potential at
each node. The numerical model is based on a weak variational formulation of Equation
(3.4.15) [43].
3.6.1 The weak variational formulation
The FE/IE model in ACTRAN/TM is based on a weak variational formulation and is used
to obtain an approximate solution. A solution for  is then obtained by imposing the
requirement that the average weighting of the residual of Equation (3.4.15) over the domain
is zero. This gives
Z
V
W

i! + r  (or + v0)

dV = 0;8W; (3.6.1)Chapter 3. Prediction methods 34
where V is the computational domain and W is the weighting function. Applying the
divergence theorem and re-arranging Equation (3.6.1) gives
Z
V

rW  (or + v0)   Wi!

dV =
Z
S
W(or + v0)  ndS;8W; (3.6.2)
where S is the boundary of the computational domain and n is a unit vector normal to the
surface. By combining the acoustic momentum equation (3.4.14) and the acoustic equation
of state (3.4.9) the acoustic density  is given in terms of the acoustic velocity potential 
by
 =
0
c2
0
(i! + v0  r): (3.6.3)
Equation 3.6.2 can then be re-written by substituting Equation 3.6.3. After re-arranging
this gives [43]
Z
V
0
c2
0

c
2
0rW  r   (v0  rW)(v0  r)

dV
+
Z
V
0
c2
0

i![W(v0  r)   (v0  rW)]   !
2W

dV
=
Z
S
0
c2
0

c
2
0Wr   v0W(v0  r)   i!v0W

 ndS;8W: (3.6.4)
In Equation (3.6.4) the surface integral terms can be used to impose the boundary conditions
on the boundaries of the FE domain. In the case of a hardwall boundary, v0  n = 0 and
r  n = 0 which results in the right hand side of Equation (3.6.4) becoming zero. When
the intake duct is acoustically lined the Myers boundary condition, Equation (3.3.5), is used
to substitute for r  n for the surface integral [77].
3.6.2 Finite element/innite element method
The numerical modelling performed throughout this study is for an axisymmetric geometry
with azimuthal variation of acoustic eld, which is sometimes referred as 2.5D.
The nite element domain is discretised into a number of nite elements. There are a range
of element shapes and orders available in ACTRAN/TM these elements can take such as
triangular and quadrilateral. Each element is generally de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the edge of the element. The number of nodes of a single element depends on the element
order, i.e. the order of the polynomial shape function used to describe the variation within
an element. The velocity potential  over the nite element domain can then be expressed
as
(x) =
N X
i=1
Ni(x)i; (3.6.5)
where N is the number of nodes within the domain and Ni(x) is the global shape function
associated with node i [81]. The weighting function, W, is dened in the current instance as
Wi(x) = Ni(x): (3.6.6)
In the outer region the solution is represented by a similar expression in terms of innite
element shape functions detailed and given in [43] [78] [79]. By substituting the expressions
for  in Equation 3.6.5 and W in Equation 3.6.6 into Equation 3.6.4 and by `assembling' the
contribution from every element the global matrix equation is given by

K   !
2M + i!C

 = F; (3.6.7)
where K, M C and F are the acoustic stiness, mass, damping and forcing matrices and 
contains the unknown nodal values of . These matrices are dened by the shape functions
and the boundary conditions for the problem domain and are assembled from equivalent
element matrices Ke, Ce, Me, Fe. The forcing matrix contains information about the
acoustic source in terms of modal amplitudes on the fan plane.
In this thesis a commercially available software package ACTRAN/TM [80] [82] [83] is used
to perform an analysis outlined in the previous paragraph and to obtain the solution for the
velocity potential , and pressure p. ACTRAN/TM is used in conjunction with ANPRO-
RAD [84], a shell code to generate input data for ACTRAN/TM .
3.6.3 ANPRORAD intake shell code
ANPRORAD is a shell code, developed at the ISVR, used in conjunction with ACTRAN/TM
to perform analysis for axisymmetric intake problems. All the information necessary to
generate an ACTRAN/TM input le is generated by ANPRORAD. Geometric data are
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engine nacelle. Splines are created by specifying, in the ANPRORAD input le, intermediate
points (ip) around the intake geometry as shown in Figure 3.7. The radial axis r denes the
distance from the axis of symmetry, z, for the intake duct geometry. The outer boundary of
the FE domain is dened by a semi-circular contour around the intake geometry as shown
in Figure 3.6.
Radius a denes the arc of the semi-circular FE domain with a centre located at (zrc,0).
ANPRORAD generates an FE mesh for the region bounded by the outer surface of the
nacelle, fan, spinner and the inner boundary of the IE domain. The FE mesh is formed
from quadratic quadrilateral elements within the domain. The resolution of the mesh is
controlled by allocating a number of elements across the fan plane and by specifying the
number of nodes per `wavelength' (see later comments) in the axial direction. This mesh is
also used for the mean ow calculation. It is important that the FE domain is large enough
to allow the acoustic ow eld to encounter ambient ow. If it is too small then the model
will not correctly predict the propagation. The mean ow eld is computed prior to the
acoustic analysis by using an embedded compressible Euler ow solver. Linear elements are
used for the mean ow computation. These are obtained by ignoring the mid-side node in
each of the acoustic elements. Once the ow computation is completed, the axial and radial
components of the uid velocity are then interpolated onto each node of the acoustic mesh.
To take account of the eect of mean ow, an `eective wavelength' is used to dene mesh
density. This is obtained by multiplying the wavelength in the absence of ow by a wave
shortening factor (1   jMj) for a plane wave propagating against the mean ow of Mach
r 
z 
ip(5) 
ip(3) 
ip(2) 
ip(1) 
ip(4) 
Ip(0) 
Straight line 
Spline 0 or straight line 
Spline 2 
Spline 3 
Spline 1 
Figure 3.7: Intermediate geometry points (ip) specied by ags in ANPRORAD input 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number M.
A layer of Innite Elements (IE) is attached to the external boundary (r = a) of the nite
element domain and extend towards innity to simulate an unbounded domain. IE are
used to model the decaying amplitude of acoustic waves propagating radially outwards from
the FE boundary by using a multipole expansion. The order of the innite elements is an
ACTRAN/TM parameter which corresponds to the multipole expansion. An increased order
gives improved accuracy at the cost of computational time. A higher order can also facilitate
a reduction in the FE domain and therefore bring the FE/IE boundary closer to the outer
surface of the intake nacelle. It is necessary to identify an order which provides sucient
accuracy for the problem and has an acceptable computational cost. Based on results of a
convergence study (not included here) an order of 15 was used for all the models considered
in this thesis.
The mean ow parameters are declared in the ANPRORAD input le. These parameters
include the ambient sound speed and uid density with a uniform ow Mach number specied
at the fan plane. A uniform ow can also be imposed outside the FE domain to account for
forward ight.
The noise source is dened on a modal boundary which coincides with the intake fan plane.
The amplitudes of a number of hardwall duct modes are specied as incident on the boundary.
Reected modes are computed as part of the solution. ACTRAN/TM performs an analysis
for each individual mode incident at the fan plane. Although ACTRAN computes all modes
individually it can solve for all radial orders required at a single azimuthal order in each
computational run. Each ACTRAN analysis gives a solution for a given azimuthal order
but modes are often present for many azimuthal order so ACTRAN must be executed many
times at each frequency.
Axial locations are specied for any acoustic liners which are present along with the respective
non-dimensional impedances. ANPRORAD also gives the option to adjust the acoustic mesh
to line up exactly with the liner co-ordinates.
Far-eld points can be specied on an arc from a specied origin located on the intakeChapter 3. Prediction methods 38
axis. This allows for comparison with experimental data where a number of microphones
are located on a far-eld arc to measure the sound pressure.
In the current study an additional code was developed to automatically execute ANPRORAD
for a very large number of computations. This provides tables of data for multiple frequencies
and liner specications to optimise acoustic liners. For each computed frequency, the tables
contain the far-eld Sound Pressure Level (SPL) in decibels (dB) at a range of far-eld
polar angles, for a grid of impedance values. To calculate the Eective Perceived Noise
Level (EPNL), data is required for 24 one third octave band centre frequencies in the range
between 50Hz and 10kHz. This data is needed at three certication conditions. At each of
these operating conditions the engine speed, ow conditions and source must be specied
separately in the numerical prediction. It would be extremely time consuming to manually
perform all the calculations. Automisation of the process is essentialChapter 4
Intake barrel and lip liner
optimisation
4.1 Introduction
In modern, High Bypass Ratio (HBR) turbofan engines, fan noise is one of the dominant
sources of aircraft noise during take-o and landing. Fan noise propagates through the intake
and the bypass duct and radiates to the far-eld. Fan noise contains tone and broadband
components.
In this chapter a procedure to optimise acoustic liners to reduce forward propagating noise
through the engine intake is presented. This chapter deals with the broadband component.
Specically, the objective is to optimise an intake lip liner and to identify optimal impedance
values. These impedance values can be converted into real liner properties to manufacture
and test on a rig in the ISVR anechoic chamber in the absence of mean ow. A lip liner is
a liner which is applied to the nacelle surface of the engine intake close to the highlight.
Designing a liner for use in an aeroengine intake requires many factors to be considered.
Some of these are:
 The length of the liner. This is limited to the available surface in the nacelle between
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the fan and the highlight.
 The forward extent of the liner. This can be restricted by nacelle design requirements
such as anti-icing.
 The depth available in the intake. This is limited by the thickness of the nacelle.
 The choice of liner construction; typically single or double layer.
 Discontinuities in the lined area. Axial or circumferential impedance discontinuities can
result in scattering between modes.
 The engine operating condition. The fan speed and airow varies with engine speed so
the liner must perform well for a range of frequencies and engine conditions.
The study described in this chapter is part of a research programme SYMPHONY, funded
by the UK TSB. It formed part of WP2.1 where WP2 was concerned with nacelle noise
control and sub-section 1 was specically for intakes. The task objectives were:
 To develop and validate optimised intake acoustic liner designs to reduce forward radi-
ated engine noise further than current acoustic treatments.
 To evaluate the performance of the optimised liners against a datum liner and draw
acoustic design recommendations from them.
These objectives were dened by the industrial partners. Three criteria were identied to
achieve these objectives. An impedance liner optimisation would be performed for a given
length of the acoustically treated area. Rig-scale prototypes of the optimised acoustic liners
and datum liner would be manufactured. Rig noise tests of the optimised acoustic liners and
datum liner would be performed.
A study on the eectiveness of a lip liner for engine intakes was conducted in 2003 as
part of the EU fth framework programme SILENCE(R) [12] [13]. The benet of a lip
liner for broadband (multi-mode) noise was investigated for frequencies up to BPF for the
approach and cut-back conditions. The eect on Engine Order (EO) tones (single mode)
was investigated for three engine conditions, approach, cut-back and sideline. The BPFChapter 4. Intake barrel and lip liner optimisation 41
frequency for each engine condition was 800Hz at approach, 1250Hz at cut-back and 1500Hz
at sideline. The mean ow eld was calculated by using a FLUENT [85] inviscid model. An
axisymmetric ight intake geometry was used and the noise benet was considered for four
dierent lip liners which extended from a position 0.06m forward of the barrel liner, 1/3 of
the distance to the highlight, 2/3 of the distance to the highlight, to the highlight and past
the highlight. The relevant conclusions drawn from that study were:
 The attenuation achieved by a lip liner extending to the highlight is not signicantly
greater than a lip liner extending 2/3 of the distance to the highlight.
 A liner in the lip region was more eective for tones than a liner placed in the barrel.
 Attenuation is more signicant at the cutback and sideline power settings than at
approach.
Results from this study were used to verify a new model created with ANPRORAD (see
Chapter 3). A selection of multi-mode and single mode cases were chosen to verify the new
model against the previous predictions. While it was not possible to reproduce identical
results the correspondence was generally close.
In the current study, rst a barrel liner optimisation is performed (see section 4.4). The
optimal barrel liner has similar characteristics to the SILENCE(R) barrel liner. Results
from this optimisation are compared to barrel liner parameters used in the SILENCE(R)
study. The lip liner is then optimised with the barrel liner.
4.2 The target problem
A full-scale axisymmetrised intake with ight lip is used in the SILENCE(R) study and is
also considered in this study. The barrel liner optimisation is conducted with the hardwall
intake as the reference i.e. the acoustic benet of adding a barrel liner to an otherwise
acoustically untreated intake is maximised. The lip liner optimisation is performed with a
barrel liner in place i.e. the acoustic benet of adding a lip liner to an acoustically treated
intake barrel is maximised. The barrel liner used in the lip liner optimisation is the same asChapter 4. Intake barrel and lip liner optimisation 42
a SDOF liner used in the SILENCE(R) study. The optimisation procedure used in all cases
is described in section 4.3.
4.2.1 A full scale ight intake
In this study, a full scale ight intake is used. This is the same intake that was used in the
SILENCE(R) study. On a real engine the distance from the fan plane to the highlight can
vary from the Top Dead Centre (TDC) to the Bottom Dead Centre (BDC) of the intake. The
sideline section, taken half way between TDC and BDC, can be used as an approximation
when the intake is not completely symmetric. In this case the approximation is reasonably
close to the original 3D geometry.
4.2.2 Geometry
The geometry is shown in Figure 4.1 with a ight lip. The critical geometry points including
liner locations are identied in Table 4.1. The lip liner extends approximately 2/3 of the
distance from the barrel liner to the highlight.
x
r
↑ barrel liner
←highlight
↑ lip liner
fan plane→
←spinner
↑nacelle
Figure 4.1: SILENCE(R) ight intakeChapter 4. Intake barrel and lip liner optimisation 43
Table 4.1: Critical geometry points and liner positions
Critical Geometry Distance from fan plane
Point Distances (except for fan radii)
Fan inner radius 0.38m
Fan outer radius 1.24m
Spinner tip 0.99m
Barrel liner start 0.26m
Barrel liner nish 1.30m
Lip liner start 1.36m
Lip liner nish 1.53m
Highlight 1.58m
Table 4.2: Flow conditions
Flight Mfp Mamb stag cstag
Condition (fan plane) (ambient) (kg/m3) (m/s)
Approach 0.22 0.25 1.23 340.0
Cut-back 0.45 0.25 1.23 340.0
Sideline 0.56 0.25 1.23 340.0
4.2.3 Engine conditions
The optimisation was performed for the three ight conditions indicated in Table 4.2. The
axial Mach numbers at the fan plane (Mfp) and the ambient ow (Mamb) for these engine
conditions are shown together with the stagnation values of the uid density and the speed
of sound in air. The ambient ow Mach number corresponds to the aircraft ight speed.
4.2.4 Noise source and frequencies
Optimisations of the barrel and lip liners are performed for a broadband multi-mode noise
source. A at 1/3 octave band spectrum with unit power per band is assumed as the noise
source at the fan plane. It is also assumed that all the power contained within each band is
concentrated at the centre frequency. Calculations are performed for one third octave bandChapter 4. Intake barrel and lip liner optimisation 44
centre frequencies from 50Hz to 10kHz.
In the ACTRAN/TM model, the noise source is dened by all cut-on modes uncorrelated
and each is incident with unit intensity. It means the source power at each frequency is the
product of the number of all cut-on modes and the cross-sectional area at the fan plane.
The ACTRAN results at each frequency are therefore converted to the values of the far eld
acoustic pressure corresponding to the unit source power as part of the post-processing.
4.2.5 Finite/innite element model
ANPRORAD, an ACTRAN/TM shell code for modelling intake noise propagation and ra-
diation developed at the ISVR (see chapter 3), was used to produce the ACTRAN/TM
analysis models. An example of a nite element mesh created by ANPRORAD is shown in
Figure 4.2 for 1kHz for the approach condition.
Quadratic quadrilateral Finite Elements (FE) were used to discretise the near eld close
to the intake. The FE domain is a semi-circular region around the intake with the centre
position at 0.5m upstream from the fan plane and of radius (a) equal to 2.5m. The mesh
resolution of the nite element domain was determined to have at least 10 nodes per `wave-
length'. To take account of the eect of mean ow, an `eective wavelength' is used. This is
Flow 
Fan  
Plane  Finite 
Elements 
FE origin  IE centre 
a  a(1-M) 
Mamb 
Figure 4.2: An example of FE mesh created by ANPRORAD for 1kHz for approach conditionChapter 4. Intake barrel and lip liner optimisation 45
obtained by multiplying the wavelength in the absence of ow by a wave shortening factor
(1   jMj) for a plane wave propagating against the mean ow of Mach number M. A layer
of Innite Elements (IE) is attached to the external boundary of the nite element domain.
The order of the innite elements was set to 15 throughout the study based on the results
of a convergence study not included here. The IE centre was shifted by a value of Mamba
upstream from the FE origin. This is to ensure that the distances to both sides of the FE
domain from the IE centre are in the ratio of (1   Mamb) = (1 + Mamb) as shown in Fig-
ure 4.2 in order to take account of the eects of the ambient mean ow. These parameters
used for FE/IE modelling were selected based on convergence studies conducted prior to the
optimisation studies.
4.2.6 Mean ow computation
The mean ow eld was computed prior to the acoustic analysis by using a compressible
Euler ow solver embedded in ANPRORAD. A uniform ow with Mach number Mfp is
imposed at the fan plane and a constant mean ow (Mamb) at the outer FE boundary. The
FE mesh created for the acoustic analysis was also used for the mean ow calculation. Linear
elements are used for the mean ow computation. These are obtained by ignoring the mid-
side node in each of the acoustic elements. The meshing can be controlled by ANPRORAD
to adjust the local element size near the intake lip where the ow velocity is expected to
be high. Once the ow computation is completed, the axial and radial components of the
uid velocity are then interpolated onto each node of the acoustic mesh. Figure 4.3 shows
contour plots of Mach number within the FE domain for each engine condition.
4.2.7 Acoustic computation
Table 4.3 shows the optimisation parameters for the current study. Separate jobs were
executed for 231 non-dimensional impedance values, 0  R  5 and  5    5 with a step
size of 0.5, plus a hardwall case for each frequency. These computations were performed for
three engine conditions.Chapter 4. Intake barrel and lip liner optimisation 46
Approach Cut-back
Sideline
Figure 4.3: Mach number contour plots of the mean ow eld three engine certication conditions.
Table 4.3: Optimisation values
Parameter Min Max Interval
Centre frequency (Hz) 50 10000 1/3 octave band
Resistance/c 0 5 0.5
Reactance/c -5 5 0.5
For predicting far-eld noise, eld points were dened on a circular arc over the polar angular
range of 0 to 120 with a 5 interval. At these points the acoustic pressure is obtained for
each incident mode. The centre of the arc is located 1:6m upstream of the fan plane and the
radius of the arc is 50m. The far-eld acoustic pressure is obtained for each incident mode
and at each polar angle for each frequency.
4.2.8 Eect of acoustic liners
The critical measure for evaluating aircraft noise is EPNL. It is not however practicable to
calculate EPNL to assess the eectiveness of the acoustic liners in the current optimisation
study. This is because EPNL consists of instantaneous Percieved Noise Level (PNL), cor-
rected for spectral irregularities for each 500ms increment of time during aircraft yover.
The correction is called the `tone correction factor' and is only made for the maximum toneChapter 4. Intake barrel and lip liner optimisation 47
40⁰ 
SPL over this arc 
is used for the 
cost function 
Figure 4.4: Typical noise radiation arc for an engine intake
at each increment of time [3]. The sound pressure is integrated over a certain angular range
instead as shown in Figure 4.4. This angular range represents the region where a reduction
in the sound pressure is most benecial for certication.
The acoustic power radiated from the intake over a polar arc of angular range from 1 to 2
in the far eld is given in the absence of mean ow by
W1 2 =
Z 2
1
1
2c
jp(R;)j2
Wref
R
2 sind (4.2.1)
where p(R;) is the acoustic pressure at a far eld point at a distance R and polar angle ,
and Wref is a constant reference value which is typically 10 12(W). When the distance R is
large enough PWL1 2 is independent of R. In the current study R is 50m, 1 = 40 and
2 = 90.
For a single frequency the acoustic benet of each impedance case is dened by the attenu-
ation in radiated acoustic power given by
PWL1 2 = 10log10
0
B B
B
@
Z 2
1
jp1(R;)j
2 sind
Z 2
1
jp2(R;)j
2 sind
1
C C C
A
; (4.2.2)
where p1 is the acoustic pressure in the reference case and p2 in the target case. In the current
study this represents the attenuation due to the liner compared to the reference case. This
quantity is used as a cost function in the following optimisation. PWL is evaluated at a
single frequency.Chapter 4. Intake barrel and lip liner optimisation 48
4.3 Optimisation procedure
A large number of ACTRAN/TM computations were performed to create tables of far-
eld sound pressure versus angle for a grid of impedance values. The tables are then used
to obtain values of the cost function for a range of impedance values. A range of non-
dimensional values 0  R  5 and  5    5 with a step size of 0.5 were used. The design
space was chosen to be large enough to identify a local optimum for each frequency at each
engine condition. The step size was selected as a compromise between computational cost
(the number of computations) and precision for predicting optimal impedance values. The
procedure to perform the optimisation is described below.
(a) An ANPRORAD-ACTRAN/TM model is created for a single analysis frequency at one
engine condition. ANPRORAD is used to generate an acoustic mesh and to solve for the
mean ow eld. The acoustic mesh and ow eld are generated once for each frequency.
(b) Acoustic computations of the far-eld sound pressure level are performed separately for
all impedance values. These include the hardwall case which is used as a reference case
in expression 4.2.2. For each computation the predicted acoustic pressures at 25 far-eld
points are stored.
(c) Steps (a) and (b) are repeated for all frequencies for the selected engine condition.
(d) A table of attenuations is created by using the cost function dened in expression 4.2.2
for every eld point at each frequency and for each impedance case.
(e) The tables are presented as contour plots of attenuation against non-dimensional resis-
tance and reactance to identify the optimum values of resistance and reactance at each
frequency. This is illustrated in in Figure 4.5(a) for a frequency of 1kHz at the approach
condition. In this case the maximum predicted attenuation is between 6 dB and 6.5 dB
for resistance values between 1.5 and 3 with a reactance value close to zero.
(f) The liner model denes a relationship between the impedance parameters (R;) and the
physical liner parameters such as depth and facing sheet resistance. The data tables (e)
can therefore be plotted against liner parameters. This is illustrated in Figure 4.5(b), for
a frequency of 1kHz at the approach condition. The available liner cell depth shown isChapter 4. Intake barrel and lip liner optimisation 49
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(b) Contours against liner parameters
Figure 4.5: Contours of attenuation from tables. Case shown is for a frequency of 1 kHz for the approach
condition
constrained to lie in the range 0mm to 60mm. To achieve the maximum attenuation at
this frequency, the plot suggests a cell depth in excess of 30mm with the non-dimensional
resistance value of 2.5 which is consistent with Figure 4.5(a).
(g) Steps (a) to (f) are repeated for all three engine conditions.
A complete set of attenuation tables can then be used to optimise the barrel liner and then
the lip liner.
4.4 Barrel liner optimisation
First, the optimisation of the barrel liner is performed for three engine conditions. The
impedance of the barrel liner is varied over a design space of the non-dimensional resistance
and reactance, 0  R  5 and  5    5, with the step size of 0.5 for both. The dimen-
sional admittance values required for the ACTRAN analysis were automatically calculated
from the non-dimensional resistance and reactance by using static values of the density and
sound speed. The cost function (expression 4.2.2) of the barrel liner was calculated at each
grid point over the design space of R and . The results will be presented as two-dimensional
contour plots of the cost function at each frequency against R and , and against the liner
parameters Rfs (facing sheet resistance) and d (cell depth).Chapter 4. Intake barrel and lip liner optimisation 50
Six frequencies have been selected, from those for which predictions were performed, to show
the contours of the cost function with impedance and liner properties. The maximum atten-
uation value which could be achieved at each frequency was identied from the contour plots
along with the corresponding optimal impedance and optimal liner construction parameters.
The maximum attenuation achievable for an optimal impedance at each frequency is also
shown for the whole frequency range.
For each engine condition results are shown which indicate:
 The non-dimensional resistance and reactance values required to achieve the maximum
attenuation at each frequency.
 The corresponding optimal liner depths and facing sheet resistances obtained from a
SDOF liner model with a liner depth constraint to be less than 60mm.
 The maximum achievable attenuation predicted for three upper constraints on liner
depth; 600mm, 60mm and 30mm.
4.4.1 Approach condition
The attenuation, in terms of PWL from expression 4.2.2 is predicted for the barrel liner.
Contours of attenuation are presented against resistance and reactance for selected one third
octave band centre frequencies in Figure 4.6 for the approach condition. These contours
clearly indicate the optimum impedance at which the attenuation takes the maximum value.
This is located within the design space at all frequencies. The optimum resistance and
reactance can be seen to change with frequency. Except at the lowest frequency the optimal
resistance lies in the range 1.5 to 2.5, increasing with frequency, and the optimal reactance
is close to zero as expected. This is shown more clearly in Figure 4.7 where the maximum
achievable attenuation (4.7(a)) and the optimum impedance values (4.7(b)) are presented
for frequencies from 50Hz to 2.5kHz. At 2.5kHz and above the 2kHz model is repeated.
At frequencies above 2kHz engine scale the modal density is high and multi-mode sources
behave like a diuse eld in that the attenuation is determined by the impedance and is
almost independent of the number of modes. The far-eld attenuation and directivity isChapter 4. Intake barrel and lip liner optimisation 51
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(c) 1000Hz
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(d) 2500Hz
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(f) 10000Hz
Figure 4.6: Contours of barrel liner benet vs liner resistance and reactance for the approach condition.
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Figure 4.7: Maximum PWL achievable by an intake liner (a) and optimum liner impedance at each
frequency to achieve maximum PWL (b) for the approach condition.
then relatively independent of frequency, provided that the correct impedance is used. At a
frequency of 630Hz and above the optimum resistance and reactance remain constant as does
the predicted maximum attenuation. The optimum resistance value for 630Hz and beyond
is 2 and the reactance is zero.
Contours of attenuation against resistance and cell depth are shown in Figure 4.8. These
are obtained by using a SDOF liner model with a maximum cell depth of 60mm. TheChapter 4. Intake barrel and lip liner optimisation 52
0.5
1
Resistance
C
e
l
l
 
d
e
p
t
h
 
(
m
m
)
SYMPHONY − Intake Barrel 60mm SDOF liner 2011 − Approach 
Attenuation, Mach number = −0.22, Broadband, Axisymmetric
Frequency = 100Hz, Integrated angles 40 to 90 degs
 
 
0 1 2 3 4 5
0
10
20
30
40
50
60
0
5
10
15
20
(a) 100Hz
6
Resistance
C
e
l
l
 
d
e
p
t
h
 
(
m
m
)
SYMPHONY − Intake Barrel 60mm SDOF liner 2011 − Approach 
Attenuation, Mach number = −0.22, Broadband, Axisymmetric
Frequency = 500Hz, Integrated angles 40 to 90 degs
 
 
0 1 2 3 4 5
0
10
20
30
40
50
60
0
5
10
15
20
(b) 500Hz
6
Resistance
C
e
l
l
 
d
e
p
t
h
 
(
m
m
)
SYMPHONY − Intake Barrel 60mm SDOF liner 2011 − Approach 
Attenuation, Mach number = −0.22, Broadband, Axisymmetric
Frequency = 1000Hz, Integrated angles 40 to 90 degs
 
 
0 1 2 3 4 5
0
10
20
30
40
50
60
0
5
10
15
20
(c) 1000Hz
6
Resistance
C
e
l
l
 
d
e
p
t
h
 
(
m
m
)
SYMPHONY − Intake Barrel 60mm SDOF liner 2011 − Approach 
Attenuation, Mach number = −0.22, Broadband, Axisymmetric
Frequency = 2500Hz, Integrated angles 40 to 90 degs
 
 
0 1 2 3 4 5
0
10
20
30
40
50
60
0
5
10
15
20
(d) 2500Hz
6
6
Resistance
C
e
l
l
 
d
e
p
t
h
 
(
m
m
)
SYMPHONY − Intake Barrel 60mm SDOF liner 2011 − Approach 
Attenuation, Mach number = −0.22, Broadband, Axisymmetric
Frequency = 5000Hz, Integrated angles 40 to 90 degs
 
 
0 1 2 3 4 5
0
10
20
30
40
50
60
0
5
10
15
20
(e) 5000Hz
5.5
5.5
Resistance
C
e
l
l
 
d
e
p
t
h
 
(
m
m
)
SYMPHONY − Intake Barrel 60mm SDOF liner 2011 − Approach 
Attenuation, Mach number = −0.22, Broadband, Axisymmetric
Frequency = 10000Hz, Integrated angles 40 to 90 degs
 
 
0 1 2 3 4 5
0
10
20
30
40
50
60
0
5
10
15
20
(f) 10000Hz
Figure 4.8: Contours of barrel liner benet vs liner resistance and depth (max 60mm) for the approach
condition.
constraint of the maximum liner depth was chosen as the largest liner cell depth which is
realistic in a typical turbofan intake. At very low frequency (100Hz shown) the available
liner depth is too small to realise any signicant attenuation. This is because the acoustic
wavelength is large when compared to the liner depth. The 60mm of available liner depth
becomes eective at 500Hz. A single optimal impedance value is evident for frequencies up
to approximately 4kHz. For higher frequencies multiple optima become apparent due to the
shorter wavelength. These optima occur at odd multiples of every quarter wavelength and
are related to the `cot(kd)' term in expression 3.3.4.
Figure 4.9(a) shows the achievable attenuation for three dierent liner depth constraints.
The data for this gure is obtained from contour plots (not shown) which are similar to
thse shown in Figure 4.8 but which have an upper constraint in depth of 600mm, 60mm
and 30mm respectively. Deeper liners are needed to achieve the maximum attenuation at
the lower end of the frequency range. The use of such liners is not feasible for a turbofan
intake but is presented to demonstrate the cell depths that would be required to attenuate
the low frequency noise. A liner with 60mm cell depth is at the threshold of viability for a
traditional turbofan intake. The achievable attenuation of such liners at low frequencies isChapter 4. Intake barrel and lip liner optimisation 53
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(b) Liner cell depth
Figure 4.9: Achievable attenuation for three upper limits on liner depth (a) and the minimum cell depth for
an optimal liner with an upper limit of 600mm (b) for the approach condition.
small due to the available depth. The optimum depth within the given design space at very
low frequencies (below 500Hz) is always the maximum permissable depth, because the real
`optimal' liner depth is larger than the maximum depth considered. For frequencies above
500Hz, the optimal depth lies within the range of liner depths which are considered and
decreases as the frequency increases.
Figure 4.9(b) shows the cell depth (up to 600mm), at each frequency, which is needed
to achieve the maximum attenuation. These cell depths were extracted from contours of
attenuation, similar to those in Figure 4.8, but generated using a maximum cell depth of
600mm. In cases where more than one local optimum exists, the smallest value of cell depth
is chosen.
4.4.2 Cut-back condition
The same method of analysis is applied for the cut-back condition. The contours of atten-
uation against resistance and reactance are shown in Figure 4.10. The optimal resistance
and reactance values vary with frequency as seen for the approach condition. At frequencies
greater than 500Hz the precicted attenuation is in excess of 6.5dB.
Figure 4.11 shows the predicted maximum attenuation and the optimal resistance and re-
actance values for frequencies in the range 50Hz to 2.5kHz. For this engine condition theChapter 4. Intake barrel and lip liner optimisation 54
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Figure 4.10: Contours of barrel liner benet vs liner resistance and reactance for the cut-back condition.
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Figure 4.11: Maximum PWL achievable by an intake liner (a) and optimum liner impedance at each
frequency to achieve maximum PWL (b) for the cut-back condition.
resistance optimum shown is higher than for the approach condition with a non-dimensional
value close to 3 for most frequencies, rather than 2 noted previously for the approach con-
dition.
In Figure 4.12 attenuation contours are shown against liner cell depth (up to a maximum
value of 60mm) and resistance. The behaviour is similar to that shown for the approach
condition. The maximum cell depth of 60mm is not large enough at frequencies below 500HzChapter 4. Intake barrel and lip liner optimisation 55
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Figure 4.12: Contours of barrel liner benet vs liner resistance and depth (max 60mm) for the cut-back
condition.
to realise the maximum attenuation. As the frequency increases, the cell depth required to
achieve the maximum attenuation decreases as noted for the approach condition and multiple
optima are present at frequencies above 2.5kHz.
Figure 4.13 shows the maximum achievable attenuation for three dierent maximum liner
depths. A 600mm maximum liner depth is required to achieve the maximum predicted low
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Figure 4.13: Achievable attenuation for three upper limits on liner depth (a) and the minimum cell depth
for an optimal liner with an upper limit of 600mm (b) for the cut-back condition.Chapter 4. Intake barrel and lip liner optimisation 56
frequency attenuation shown in Figure 4.11(a). For maximum liner depths of 30mm and
60mm the achievable low frequency attenuation is reduced because the cell depth is not
suciently large.
Figure 4.13(b) shows the cell depth (up to 600mm) which is required at each frequency to
achieve the maximum attenuation. In cases where multiple optima occur, the lowest value
is chosen. The signicant dierence from Figure 4.9(b) occurs at frequencies below 500Hz.
The minimum cell depth which is needed to achieve the maximum predicted attenuation
has decreased with the increase in ow velocity because the ow has shortened the eective
wavelength.
4.4.3 Sideline
Data are presented for the sideline condition in the same format as in sections 4.4.1 and
4.4.2. Contours of attenuation against non-dimensional resistance and reactance are shown
in Figure 4.14. Once again the optimal resistance and reactance values vary with frequency.
Figure 4.15 shows the maximum achievable attenuation and the optimal resistance and
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Figure 4.14: Contours of barrel liner benet vs liner resistance and reactance for the sideline condition.Chapter 4. Intake barrel and lip liner optimisation 57
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Figure 4.15: Maximum PWL achievable by an intake liner (a) and optimum liner impedance at each
frequency to achieve maximum PWL (b) for the sideline condition.
reactance for frequencies in the range 50Hz to 2.5kHz. At this engine condition the optimal
resistance is higher than for approach and cutback, in the vicinity of 4.5, for frequencies of
630Hz and greater.
In Figure 4.16 attenuation contours are shown against liner cell depth and resistance for
a maximum liner depth of 60mm. Attenuation of 7.5dB is predicted for a frequency of
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Figure 4.16: Contours of barrel liner benet vs liner resistance and depth (max 60mm) for the sideline
condition.Chapter 4. Intake barrel and lip liner optimisation 58
100Hz. This is a 5dB increase over the equivalent case calculated for the cut-back condition.
At frequencies below 2.5kHz the optimal liner lies at the edge of, or outside the range of
values used for resistance and cell depth. For frequencies greater than 2.5 kHz there is a
clear optimum located within the design space which corresponds, at 2.5kHz, to a depth of
between 10mm and 20mm with a resistance value from 4 to 5. The two highest frequencies
show more than one optimum region.
Figure 4.17(a) shows the maximum achievable attenuation for three dierent upper con-
straints on liner depths. Figure 4.17(b) shows the minimum cell depth required. A signicant
increase in achievable attenuation is seen in 4.17(a) for this engine condition below 500Hz
even when the maximum liner depth is restricted to 60mm and 30mm. The minimum depth
required for the lowest frequencies is shown in 4.17(b) to be approximately 300mm. This
depth is still too large to be accommodated in a typical turbofan nacelle but is approximately
half the depth seen for the cut-back condition. In terms of the physics of the problem, the
increase in ow velocity over the liner has shortened the eective wavelength which can be
attenuated by a shallower liner.
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Figure 4.17: Achievable attenuation for three upper limits on liner depth (a) and the minimum cell depth
for an optimal liner with an upper limit of 600mm (b) for the sideline condition.Chapter 4. Intake barrel and lip liner optimisation 59
4.4.4 Selecting the barrel liner
Figure 4.18 shows the optimal non-dimensional impedances with those of a SDOF linear
(wire mesh only) liner, 27.94mm deep, used in SILENCE(R) for three engine certication
conditions. For the approach and cut-back conditions the optimum and liner resistance are
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Figure 4.18: Optimal versus SDOF barrel liner impedance valuesChapter 4. Intake barrel and lip liner optimisation 60
very close apart from at very low frequencies. At the sideline condition the liner resistance is
lower than the optimal values. Figure 4.16 shows that for a depth of 27.94mm the achievable
attenuation only varies by a small amount for frequencies greater than 1kHz where the resis-
tance value is greater than 3. The disparity between the optimal values and the liner values
is an acceptable compromise in this case. The optimal reactance for all engine conditions
is close to zero however the SDOF liner can only achieve this value at one frequency. For
this liner that frequency is 2.5kHz which is in the range of frequencies from 2kHz to 4kHz
which humans perceive to be the most annoying. Therefore, to optimise the lip liner, a
SDOF liner with the same properties as one of those used in SILENCE(R) is included. The
impedance values for the barrel liner are shown in Table 4.4. The facing sheet resistance Rfs
varies depending on the SPL and takes the non-dimensional value of 2.16, 2.84, and 3.0 for
the approach, cutback and sideline conditions respectively. The facing sheet inertance m is
6.1mm and the cell depth d is 27.94mm
4.5 Lip liner optimisation
The lip liner optimisation is performed with the barrel lined intake as the reference. The
focus of this investigation is to identify any additional benet of adding a lip liner to the
barrel lined intake. The benet of the lip liner, when added to the intake with the barrel liner
(see Table 4.4), was calculated at each grid point over the design space of 0  R  5 and
 5    5 with a step size of 0.5 for each. The results are presented as two-dimensional
contour plots of the cost function (see expression 4.2.2) at each analysis frequency against
R and , and against the liner parameters Rfs (facing sheet resistance) and d (cell depth),
by using the SDOF liner model given by Equation 3.3.4. The attenuation shown represents
the additional benet of the lip liner when compared to a barrel lined intake for which the
lip is unlined.
The results are presented here in the same format as for the barrel liner although for a reduced
frequency range in which 2500Hz is the highest predicted frequency. No approximation has
been applied for higher frequencies. The approach condition is considered rst, followed
by the cut-back and sideline conditions. Contours of attenuation against resistance andChapter 4. Intake barrel and lip liner optimisation 61
Table 4.4: Barrel liner impedance for SDOF liner, facing sheet inertance 6.1mm, cell depth 27.94mm
1/3 octave Approach Cut-back Sideline
centre frequency
(Hz) R X R X R X
50 2.16 -38.72 2.84 -38.72 3.00 -38.72
63 2.16 -30.72 2.84 -30.72 3.00 -30.72
80 2.16 -24.19 2.84 -24.19 3.00 -24.19
100 2.16 -19.34 2.84 -19.34 3.00 -19.34
125 2.16 -15.46 2.84 -15.46 3.00 -15.46
160 2.16 -12.06 2.84 -12.06 3.00 -12.06
200 2.16 -9.63 2.84 -9.63 3.00 -9.63
250 2.16 -7.68 2.84 -7.68 3.00 -7.68
315 2.16 -6.06 2.84 -6.06 3.00 -6.06
400 2.16 -4.73 2.84 -4.73 3.00 -4.73
500 2.16 -3.73 2.84 -3.73 3.00 -3.73
630 2.16 -2.89 2.84 -2.89 3.00 -2.89
800 2.16 -2.19 2.84 -2.19 3.00 -2.19
1000 2.16 -1.65 2.84 -1.65 3.00 -1.65
1250 2.16 -1.19 2.84 -1.19 3.00 -1.19
1600 2.16 -0.74 2.84 -0.74 3.00 -0.74
2000 2.16 -0.37 2.84 -0.37 3.00 -0.37
2500 2.16 -0.01 2.84 -0.01 3.00 -0.01
3150 2.16 0.41 2.84 0.41 3.00 0.41
4000 2.16 0.99 2.84 0.99 3.00 0.99
5000 2.16 2.16 2.84 2.16 3.00 2.16
6300 2.16 -8.24 2.84 -8.24 3.00 -8.24
8000 2.16 0.24 2.84 0.24 3.00 0.24
10000 2.16 1.61 2.84 1.61 3.00 1.61
reactance are considered rst for six frequencies at each engine condition. Liner models are
then applied to these attenuations and the contours are shown against liner depth and facing
sheet resistance. To show the characteristics across all predicted frequencies the maximum
attenuation and optimum impedance values are presented against frequency. For the liner
parameters, achievable attenuation is shown for three dierent maximum cell depths with
the minimum cell depth required to achieve the maximum attenuation.Chapter 4. Intake barrel and lip liner optimisation 62
4.5.1 Approach
The attenuation contours against resistance and reactance for the approach condition are
shown in Figure 4.19. A notable dierence from the barrel liner study is that the optimal
resistance is signicantly lower. The optimal reactance does not tend to zero as seen for the
barrel liner either. The additional benet below 500Hz can be as much as 7dB although
the contours are so close together that any small deviation from the exact impedance values
would have a signicant eect. For frequencies between 1kHz and 2.5kHz the maximum
predicted attenuation is approximately 1dB.
To obtain the maximum attenuation at each frequency, as shown in Figure 4.20(a), the
resistance and reactance values shown in Figures 4.20(b) are required. The resistance value
remains reasonably constant at 0.5 with the lowest six frequencies having an optimal value
close to zero. This is lower than the resistance value of 2 predicted for the barrel liner. The
resistance range for the optimisation study is 0  R  5 with a step size of 0.5 so it is
possible that the optimal value lies between zero and 0.5. The optimum reactance at 100Hz
is zero. However, unlike the barrel liner the optimum value becomes increasingly negative
approaching a value of -2 at 2500Hz.
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Figure 4.19: Lip liner benet vs liner resistance and reactance for the approach condition.Chapter 4. Intake barrel and lip liner optimisation 63
0 500 1000 1500 2000 2500
0
2
4
6
8
10
Frequency (Hz)
∆
 
P
W
L
 
(
d
B
)
(a) Maximum attenuation
0 500 1000 1500 2000 2500
−5
−4
−3
−2
−1
0
1
2
3
4
5
Frequency (Hz)
N
o
n
−
d
i
m
 
R
,
 
χ
(b) Lip liner optimum resistance
Figure 4.20: Maximum PWL achievable by an intake liner (a) and optimum liner impedance at each
frequency to achieve maximum PWL (b) for the approach condition.
In Figure 4.21 the contours of attenuation are plotted against resistance and cell depth for
a SDOF liner with a maximum depth of 60mm. At low frequencies the available cell depth
is not sucient to produce any useful attenuation. The lowest frequency to indicate a local
optima is 500Hz and this is consistent with the barrel liner case.
In Figure 4.22 the achievable attenuation is shown for dierent ranges of permissible cell
depths. The maximum attenuation at low frequency requires a cell which is deeper than
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Figure 4.21: Lip liner benet vs liner resistance and depth (max 60mm) for the approach condition.Chapter 4. Intake barrel and lip liner optimisation 64
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Figure 4.22: Achievable attenuation for three liner depths (a) with the minimum required cell depth for a
liner up to 600m deep (b) for the approach condition.
the maximum 600mm cell depth permitted in this case. When the maximum liner depth is
restricted to the range [0-60mm] the performance below 630Hz is signicantly aected. For
frequencies above 630Hz the achievable attenuation matches the maximum predicted values.
For a maximum cell depth of 30mm the attenuation below 1kHz is unable to match the
maximum predicted values. At 1kHz and above there is good agreement with all three cases
because the available liner depth is large enough for the wavelength.
4.5.2 Cut-back
Figure 4.23 shows the attenuation contours against resistance and reactance for the cut-back
condition. At a frequency of 1kHz and beyond the contours are well spread out signifying
that attenuation will vary by a small amount with any change in impedance across large
parts of the design space.
Figure 4.24 shows the maximum predicted attenuation and the optimal impedance values
for frequencies from 50Hz to 2.5kHz. The maximum achievable attenuation across the anal-
ysis range in Figure 4.24(a) indicates up to 9dB of attenuation is achievable at 63Hz. For
frequencies above 63Hz the attenuation reduces rapidly to 2dB at 400Hz where it levels o
and then decays more slowly to 1dB at 2.5kHz. The resistance and reactance behaviour
diers from that of the barrel liner. In Figure 4.24(b) the optimum resistance value is 0.5Chapter 4. Intake barrel and lip liner optimisation 65
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Figure 4.23: Lip liner benet vs liner resistance and reactance for the cut-back condition.
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Figure 4.24: Maximum PWL achievable by an intake liner (a) and optimum liner impedance at each
frequency to achieve maximum PWL (b) for the cut-back condition.
at 50hz and maintains this value up to 400Hz where it dips to zero and then return to 0.5
for 500Hz. The optimal resistance value then increases to 4.5 from a frequency of 630Hz to
2.5kHz. This is very dierent to the barrel liner which maintains at a constant value of 3
for frequencies greater than 630Hz (see Figure 4.11(b)). The reactance varies between -1.5
and -4.5 from 50Hz up to 400Hz and then increases to -0.5 before reducing gradually to
-3.5 at 2.5kHz. This is signicantly dierent to the barrel liner behaviour, which also hasChapter 4. Intake barrel and lip liner optimisation 66
some variation below 630Hz, as shown in Figure 4.11(b) in which at frequencies greater than
630Hz the optimum reactance for the barrel liner is eectively zero.
In Figure 4.25 attenuation contours are shown against liner cell depth in the range [0-
60mm] and against resistance. These contours dier signicantly from those seen for the
barrel liner optimisation (see Figure 4.12). This is because at low frequency the optimum
resistance value is lower and the 0.5 grid size is not small enough to resolve the optimum
value between zero and 0.5. There is also less attenuation so the contours are further apart.
Figure 4.26 shows the achievable attenuation for three dierent liner depth constraints and
the minimum cell depth required to achieve the maximum attenuation. A liner depth of
approximately 250mm would be required to achieve the maximum attenuation at the lowest
predicted frequencies. With a depth of 60mm available the achievable attenuation reduces at
low frequency. Lowering the available depth to 30mm reduces the achievable attenuation for
frequencies from 50Hz up to 800Hz. The maximum achievable attenuation for this shallow
liner is 3dB for a frequency of 80Hz. The higher frequencies show between 1dB and 2dB of
attenuation.
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Figure 4.25: Lip liner benet vs liner resistance and depth (max 60mm) for the cutback condition.Chapter 4. Intake barrel and lip liner optimisation 67
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Figure 4.26: Achievable attenuation for three liner depths (a) with the minimum required cell depth for a
liner up to 600m deep (b) for the cut-back condition.
4.5.3 Sideline
Results are presented in the same format for the sideline condition. Attenuation contours are
shown in Figure 4.27 plotted against resistance and reactance. In gure 4.27(a) the contours
showing the local optima are at the edge of the design space but indicate that the reactance
range  5    5 is sucient. At higher frequencies (e.g. 2.5kHz) the optimal resistance
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Figure 4.27: Lip liner benet vs liner resistance and reactance for the sideline condition.Chapter 4. Intake barrel and lip liner optimisation 68
and reactance are very similar to those predicted for the barrel liner (see Figure 4.14).
Figure 4.28 shows the maximum attenuation and the optimal impedance values for frequen-
cies in the range 50Hz to 2.5kHz. The optimal resistance value at 400Hz is 0.5 and rises to
4 at 2.5kHz. This diers from the barrel liner which, at 400Hz has reached a value of 4 and
then uctuates slightly between 4 and 4.5 up to 2.5kHz because of the 0.5 step size used in
the optimisation. The reactance exhibits behaviour more simlar to that of the barrel liner
predictions rising sharply from -5 to -1.5 between 50Hz and 250Hz. Between 500Hz and
1.5kz the reactance is constant at -1.5. At 2kHz it rises to -0.5 and remains at this value for
2.5kHz. Higher frequency analysis is required to be certain that this trend would continue.
In Figure 4.29 attenuation contours are shown against resistance and cell depth up to 60mm.
These gures show similar behaviour to the barrel liner predictions. The achievable attenu-
ation is predicted to be 2.5dB for frequencies of 500Hz and above.
Figure 4.30 shows the achievable attenuation for three dierent liner depth constraints.
When up to 60mm of cell depth is available the achievable attenuation is higher than the
predicted maximum. At frequencies greater than 250Hz attenuation of 2-3dB is achievable
for all liner depths considered.
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Figure 4.28: Maximum PWL achievable by an intake liner (a) and optimum liner impedance at each
frequency to achieve maximum PWL (b) for the sideline condition.Chapter 4. Intake barrel and lip liner optimisation 69
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Figure 4.29: Lip liner benet vs liner resistance and depth (max 60mm) for the sideline condition.
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Figure 4.30: Achievable attenuation for three liner depths (a) with the minimum required cell depth for a
liner up to 600m deep (b) for the approach condition.
4.6 Liner specication for no-ow lip liner test
The barrel liner optimisation predictions have shown close agreement with one of the barrel
liners dened in the SILENCE(R) programme. For the SYMPHONY no-ow test a scaled
liner closely matching the properties identied for the approach condition was manufactured.
GKN Aerospace, one of the industrial partners, designed and manufactured the scale testChapter 4. Intake barrel and lip liner optimisation 70
piece based on the 1/6th scale test rig available at the ISVR. A hardware specication
document [86] was written by GKN. This document species a non-dimensional resistance
value of 2 for the barrel liner and 0.7 for the lip liner. These values are close to the predicted
optimum for the approach condition shown in Figures 4.7(b) and 4.20(b). The facing sheet
is made of wiremesh (Reversed Dutch Plain Weave) material.
A Nomex honeycomb 5mm deep was selected for the liner core as approximately 1/6th of
the SDOF liner considered in the optimisation. The lip liner core was specied to be the
same depth as the barrel liner. The treated area was specied to run continuously from the
start of the barrel liner to the end of the lip liner. This diers from the SILENCE(R) intake
which has a 0.06m hardwall section between the barrel liner and the lip liner.
4.7 Discussion
This study has shown optimal non-dimensional resistance and reactance values which com-
pare well with those used in SILENCE(R) [12] [13]. By using ANPRORAD in conjunction
with ACTRAN/TM the FE meshing process, ow-eld computation and ACTRAN/TM the
optimisation has been semi-automated. The optimal barrel liner impedance values have been
compared for three engine conditions. The SILENCE(R) barrel liner was chosen for the lip
liner optimsation because of the impedance values were in close agreement.
Optimisation of the lip liner has shown that there is a noise benet by using this liner con-
guration. The optimised lip liner shows greater attenuation is achievable at cut-back and
sideline engine conditions which agrees with the ndings of Hamilton. At BPF (approxi-
mately 1250Hz) for the cut-back condition Figure 4.26 shows close to 2dB of attenuation for
an optimal resistance value of 2.5 and a reactance of -2. This is slightly greater than the
1.2dB observed by Hamilton for a lip liner with a resistance value of 3 and a reactance of
-1.1.
The optimisation process requires ACTRAN/TM to perform calculations for 232 separate
impedance cases at each frequency. For a frequency of 2kHz for the Approach condition
there are 537 modes cut-on at the fan plane and the computation can be performed in 19Chapter 4. Intake barrel and lip liner optimisation 71
hours on a single core processor with a clock speed of 2.67GHz. This increases to nearly 4
days for the same frequency at the Sideline condition where 775 modes are cut-on. These
computation times can be reduced on a large computer cluster consisting of many processor
cores by using coarse parrelisation of the azimuthal modes orders.
4.8 Summary
In this chapter, the process of optimising acoustic treatment of an intake lip has been
demonstrated. Consideration has been given to previous work conducted as part of the
SILENCE(R) programme. This study has employed observations from SILENCE(R), with
the benet of advances in computer processing speed and CAA software it has generated a
wider range of results. These results allow a greater understanding of the eect a lip liner
has on noise propagating through an engine intake and the attenuation that can be achieved.
The optimisation procedure is dened in a number of steps identifying the numerical models
created and how the results are processed. A description of the ANPRORAD-ACTRAN/TM
FE/IE model created for the SILENCE(R) intake is given.
Results of the optimisation are presented and discussed with their application to a single
layer acoustic liner. Three engine conditions are considered to represent the certication
points identied for aircaft noise compliance.
The predictions show a benet of 1-3dB for frequencies greater than approximately 630Hz
across all three engine conditions. The greatest benet is predicted for the sideline condition.
For the sideline condition the optimal impedance values for a lip liner are similar to those
of a barrel liner.Chapter 4. Intake barrel and lip liner optimisation 72Chapter 5
Intake liner no-ow rig test in ISVR
anechoic chamber
5.1 Introduction
Numerical predictions have shown that acoustic treatment of the intake lip should provide a
noise benet. To validate the optimised lip liner properties and the optimisation process as
a whole, a rig scale lined intake is manufactured and series of no-ow tests are performed in
the ISVR anechoic chamber. The rig scale intake incorporates an acoustically lined barrel
and lip.
The cost of manufacturing and testing even at rig scale is still signicant. To maximise the
use of the manufactured intake and the anechoic chamber the eects of splices and patches
will also be measured.
By generating a database of multi-mode broadband and single mode tone noise sources nu-
merical models for realistic engine intakes geometries can be benchmarked. This chapter
describes the experimental rig and test procedure, details of the various intake duct con-
gurations tested and the measurement points available in the database. Appraisal and
assessment of the test results are discussed in the following chapter.
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5.2 The Test Rig and Test Procedure
5.2.1 Description of Test Rig
The no-ow rig was congured as shown in Figure 5.1(a). A round stainless steel duct, with
an internal diameter of 397mm, is assembled between the small reverberation chamber and
the anechoic chamber at the ISVR. The duct extends a short distance into the reverberation
chamber and passes through large, acoustically sealed doors approximately 4m into the
anechoic chamber. A exible steel rod with a polar array of 25 microphones was suspended
(a) Side view schematic of test rig
(b) Aerial view of polar microphone array
Figure 5.1: Layout of the test rigChapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 75
from the anechoic chamber ceiling. The microphones were positioned, using a system of guy
ropes, on an arc spanning from 0 to 120 at 5 intervals with a radius of 3.95m (approx. 10
duct diameters). Most of the metal oor sections were removed from the anechoic chamber
apart from the small number supporting the duct. Figure 5.2 shows the mode generator
tted to the duct inlet in the reverberation chamber. Figure 5.3 shows the intake section
located in the duct exit and the polar microphone array in the anechoic chamber.
Figure 5.2: View of duct in reverberation chamberChapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 76
Figure 5.3: View of duct and polar microphone array in the anechoic chamber
5.2.2 The Microphone Array
Br uel & Kaer type 4189 'Falcon' half-inch pre-polarised measurement microphones are used
in the polar array. The serial numbers are consecutive from #2285284, for the 0 microphone,
to #2285308 for the 120 microphone. The microphone #2285301 at 85 was replaced with
#2285312 for all tests. They are powered by ampliers, built in-house at the ISVR, with
the gain set to +30dB.
5.2.3 Acoustic Excitation
Both multi-mode and single azimuthal mode sources were used in the tests. The multi-modal
source was generated by two independent spectrally-shaped white noise signals. These were
used to drive two Electovoice T251 loudspeakers (rated at 400W rms with additional high-
frequency horns) located in the reverberation chamber, via a Crown DC300 power amplier.
The amplier output was set to maximum on both channels for each multi-mode noise test.
Using this arrangement a near-diuse sound eld can be generated in the reverberation
chamber. This is assumed to give approximately equal energy in all cut-on modes for theChapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 77
Figure 5.4: View of mode generator loudspeakers and circumferential microphone arrays in the reverberation
chamber
sound eld inside the duct.
A ring of 30 piezoelectric loudspeakers (modied at the ISVR) are equally spaced around
the section of duct protruding into the reverberation chamber as shown in Figure 5.4. These
loudspeakers are used to generate single azimuthal modes (where m < 15) at discrete fre-
quencies by applying a dierent phase to each loudspeaker. Using this arrangement all
cut-on radial mode orders are present. The tone tests were performed with 56 dierent
modal sources. Frequencies were specically chosen not to be multiples, sums or dierences
of each other. In order to reduce the number of test points required, single azimuthal mode
sources at 14 discrete frequencies were combined into one signal. The resulting sound eld
could be decomposed into the individual sound elds at each frequency. Four dierent az-
imuthal mode orders were selected for each frequency resulting in 4 unique signals, each 20
seconds in length. These four signals were added sequentially with a 2 second space between
them to produce a single wav le. Two ADAT hard-drive recorders were used to reproduce
this signal through four 8-channel ISVR-built ampliers. The matrix of signals used for
these tests is shown in Table 5.1. Measurements were taken using a ring of 30 circumferen-
tial microphones (Panasonic WM-61) in a plane 20cm behind the loudspeaker ring to obtainChapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 78
Table 5.1: Signal Generation Matrix
Frequency Azimuthal mode order
(Hz) Signal 1 Signal 2 Signal 3 Signal 4
1250 0 1 2 3
1650 1 2 3 4
2050 0 2 4 5
2400 1 3 5 7
3050 0 2 6 9
3900 1 4 8 12
4900 2 6 10 14
6500 3 7 11 13
8100 0 4 9 14
9500 1 5 10 13
10100 2 8 11 14
12600 0 6 9 13
15900 1 7 12 14
18100 3 5 10 13
information about the source level and also the purity of each azimuthal mode generated.
5.2.4 Data Acquisition and Processing
Three ADAT multi-channel digital hard-drive recorders, with a sampling frequency of 48kHz,
were used to store the time histories from the microphones. Each recorder was capable of
storing 24 channels of data. Data from the 25 polar array and 30 circumferential microphones
(duct inlet) were recorded for all test points. A radial array of 12 microphones was installed
between the 30 loudspeaker and circumferential microphone arrays for one single-mode test
point.
For each axisymmetric test point a 20 second recording using the multi-mode signal was
stored. A recording of the single mode signal (approx 90 seconds) was stored for all test
points. The temperature in the anechoic chamber was also noted at the start of each test,
and each of the microphones were calibrated using a pistonphone at the start and end of theChapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 79
tests. The mode generator was calibrated by positioning a microphone centrally in the duct
which recorded a test tone for each speaker in turn. Post-processing of the data was carried
out on a PC using Matlab software. For the multi-mode test points, polar angle directivities
were generated at third-octave band centre frequencies from 1kHz to 20kHz. For the single
mode test points, polar angle directivities and circumferential mode purities were generated
at each frequency.
5.2.5 Leakage and Signal-to-Noise Ratio
Due to the low levels of sound radiated by some of the test builds, especially at wide angles,
and when absorbent lining was present, it was important to minimise any leakage in sound
from the reverberation chamber to the anechoic chamber via any path other than radiation
from the open duct-end. To achieve this, mineral-loaded rubber deadsheet was wrapped
around the entire duct (except the exit section), and was also used to seal any potential
leakage areas between the reverberation chamber and anechoic chamber. The level of leakage
was tested by sealing a 25mm thick wooden plate against the open duct end and comparing
sound levels from at the polar array microphones in this conguration with those acquired
with the fully lined intake, i.e. barrel plus lip liner. The level of background noise was also
tested during the shakedown, and it was ensured that both the signal-to-noise ratio and the
amount of leakage were at acceptable levels.
5.2.6 Descriptions of Test Builds
The geometry tested was representative of a realistic engine intake with a barrel liner and
lip liner present. The test section was made up of three identical parts each covering an
azimuthal arc of 120. When installed onto the test rig there was a 1-2mm gap between each
section, the eective gap in liner properties is greater due to the discontinuous cells at the
intersection. The baseline or hard-walled conguration was achieved by taping over the lined
areas with aluminium 'speed' tape. The ratio of barrel liner length to duct diameter (L/D)
was just over one which was higher than most modern turbofans. This was to maintain the
barrel liner to lip liner length ratio of the SILENCE(R) ight intake geometry used to predictChapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 80
(a) Hardwall intake section (all acoustic liners taped) (b) Barrel lined intake section (taped lip)
(c) Fully lined intake section
Figure 5.5: Photographs of three build congurations
the optimal liner conguration for test. In order to acquire more realistic inner barrel data,
tests were performed with reduced barrel liner lengths of L/D=0.5 and L/D=0.3, which are
more comparable with modern engines. The lip liner length was kept constant throughout
the tests. The reduction in the acoustically treated area was achieved by using aluminium
tape starting at the end furthest from the highlight. Figure 5.5 shows pictures of three build
congurations, hardwall, barrel lined and fully lined (barrel plus lip liner).
Two further axisymmetric builds were tested. The rst was with the barrel liner taped
to emulate a hardwall leaving just the lip acoustically treated. The second had 1" wide
aluminium tape applied between the barrel and lip liners of the fully lined build to simulate
a circumferential splice.
Six non-axisymmetric builds were initially tested for their 3D eects and involved rotatingChapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 81
the duct at equal intervals. These were all tested with the full inner barrel liner, i.e. L/D=1.
Two builds were performed with taped axial splices, three repair patch congurations and
the eects of the joins between the three liner sections.
Three axial splices were created using 1" aluminium tape applied along the lengths of the
joins of the test section. Build 6 was performed with tape applied to just the barrel and
rotated through 110 at 10 intervals in accordance with the description in Table 5.2. Build
7 was performed with tape applied continuously across both the barrel and lip liners and
rotated through 110 at 10 intervals in accordance with the description in Table 5.2.
Repair patches were simulated with taped hardwall sections. Build 8 and 9 consisted of a
single 2" and 4" square patch located at the upstream end (x = 0) of the inner barrel liner.
An additional build located a single patch half way (x = L=2) along the inner barrel liner.
To assess any eects of the section joins the full lined intake was rotated through 360 and
is identied as build 10.
Two additional builds were added to further investigate the eects of repair patches. The
duct was congured with an inner barrel lined L/D=0.5 by taping from the upstream end
of the liner. The lip was also taped to simulate a hard wall. Build 14 had 12 o 1" square
Table 5.2: Build Matrix (2010)
Build No. Build Description Azimuthal angles
1 Lined barrel; lined lip 0
2 Lined barrel; hard lip 0
3 Hard barrel; hard lip 0
4 Hard barrel; lined lip 0
5 Lined barrel; lined lip (repeat) 0
6 Lined barrel with 3, 1" axial splices ;lined lip 0 to 110 step 10
7 Lined barrel; lined lip with 3, 1" axial splices 0 to 110 step 10
8 Lined barrel with a 2" patch x=0; lined lip 0 to 330 step 30
9 Lined barrel with a 4" patch x=0; lined lip 0 to 330step 30
10 Lined barrel; lined lip 3 0 to 330 step 30
11 Lined barrel; lined lip with a 1" circumferential splice 0
12 Lined barrel with a 2" patch x=L/2; lined lip 0-150 step 30Chapter 5. Intake liner no-ow rig test in ISVR anechoic chamber 82
Table 5.3: Build Matrix (2011)
Build No. Build Description Azimuthal angles
13 Lined barrel (L/D=0.5); hard lip 0
14 Lined barrel (L/D=0.5); hard lip 0*
with 12o 1" patches at x=0
15 Lined barrel (L/D=0.5); hard lip 0*
with 12o 2" patches at x=0
16 Lined barrel (L/D=0.5); lined lip 0
17 Lined barrel (L/D=0.3); lined lip 0
18 Lined barrel (L/D=0.3); hard lip 0
*30 circumferential microphones tted for azimuthal eects
patches equally spaced around the start of the inner barrel liner, whilst build 15 was similar
with the patch size increased to 2" square. Both builds were congured with an array of 30
microphones equally spaced around the exit of the duct. The full matrix of builds can be
seen in Tables 5.2 and 5.3.Chapter 6
Intake no-ow rig test data appraisal
and modelling
6.1 Introduction
In this chapter, the measured data obtained from the SYMPHONY no-ow intake tests are
compared to predictions. The test setup and builds are explained in Chapter 5. Numerical
predictions have been performed with ACTRAN/TM in the same manner as in the optimi-
sation study described in Chapter 4, but for the exact test geometry and conditions. The
no-ow intake rig was approximately 1/6th scale of a typical modern HBR turbofan engine
intake with simplied cylindrical geometry. New ACTRAN models were created for the test
rig congurations. The aim was to validate the numerical model as well as to assess the
benet of a lip liner for reducing radiated noise.
6.2 No-ow intake rig
In the SYMPHONY no-ow intake tests, three dierent liner lengths, have been tested.
The longer liner length which is as long as the duct diameter comes from the specication
document [86] which proposes to preserve the ratio between lengths of the intake barrel and
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lip liners in the lip liner optimisation study described in Chapter 4. This resulted in having
an exceptionally long barrel liner. Typically the ratio of the axial length of the intake barrel
liner (L) to the fan (or duct) diameter (D), L/D, is 0.3 to 0.5 in turbofan engine intake
nacelles in service.
6.2.1 Rig geometry
The axisymmetric intake geometry used in the tests is shown in Figure 6.1 with the three
barrel liner lengths. The lip liner is present with a xed length for all cases. The liner
(a) barrel liner L/D=1 (approximately)
(b) barrel liner L/D=0.5
(c) barrel liner L/D=0.3
Figure 6.1: The axisymmetric no-ow rig intake geometry with three inner barrel liner lengths (red) and a
xed length lip liner (green)Chapter 6. Intake no-ow rig test data appraisal and modelling 85
geometry, provided by GKN Aerospace an industrial partner in SYMPHONY WP2.2, is
from the inlet end of the barrel liner (point A) to the highlight (point B). This hardware was
designed to be installed inside the basic duct with an internal diameter of 0.397m. Allowing
for the depth of the liner this resulted in an internal diameter of 0.385mm for the test section.
6.2.2 Model geometry
A transition section was added between the lined section and the basic duct section, based on
the measurements of the rig. The input plane was set at 0.06m behind the transition section
assuming that the length of hardwall straight duct section has no eect on the amplitudes
of propagating modes. The critical dimensions are summarised in Table 6.1.
In the test, the duct diameter upstream of the liner is 0.397m and extends to the reverberation
chamber where the noise is incident to the duct from a diused eld as shown in Figure
5.1(a)). The input plane of the ACTRAN model of the rig at which the noise source is
dened must have a diameter of 0.397m.
6.2.3 Noise sources
The broadband noise source in the no-ow tests is modelled by a multi-mode source consisting
of all cut-on modes with equal power in each mode as described in Section 5.2.3. Calculations
Table 6.1: Critical geometry points and liner positions
Critical geometry Distance from
point distances source plane
Barrel liner start (L/D=1) 0.109m
Barrel liner start (L/D=0.5) 0.346m
Barrel liner start (L/D=0.3) 0.404m
Barrel liner nish 0.538m
Lip liner start 0.538m
Lip liner nish 0.634m
Highlight 0.66mChapter 6. Intake no-ow rig test data appraisal and modelling 86
are performed for one third octave band centre frequencies from 1kHz to 20kHz.
In the ACTRAN/TM model, the noise source was dened by having all cut-on modes uncor-
related and each is incident with unit intensity. It means the source power at each frequency
is the product of the number of all cut-on modes and the cross-sectional area at the fan
plane. The ACTRAN/TM results of the far eld acoustic pressure at each frequency are
then converted to the values corresponding to the unit source power as part of the post-
processing.
The total number of cut-on modes and the highest cut-on azimuthal mode order are listed
in Table 6.2 with the Helmholtz number ka, where k is the wavenumber and a is the fan
radius.
Table 6.2: Multi-mode noise source parameters
1/3 octave total highest
band centre ka cut-on azimuthal
freq (Hz) value modes order
1000 3.6 5 2
1250 4.4 8 3
1600 5.7 12 4
2000 7.1 17 5
2500 8.9 25 7
3150 11.2 36 9
4000 14.2 59 12
5000 17.8 88 15
6300 22.4 137 20
8000 28.5 215 26
10000 35.6 334 32
12500 44.5 520 41
16000 56.9 840 53
20000 71.1 1303 67Chapter 6. Intake no-ow rig test data appraisal and modelling 87
6.2.4 FE/IE model
Numerical predictions were performed with ACTRAN/TM and with ANPRORAD (see
Chapter 3. The axisymmetric analysis with circumferential variation of acoustic eld was
performed.
Quadratic quadrilateral nite elements were used to discretise the near eld of the intake.
The FE domain is a semi-circular region around the intake with the centre position 0.5m
from the fan plane and with a radius of 1m. The mesh resolution of the nite element domain
was determined to have at least 10 nodes per `wavelength'. A layer of innite elements is
attached to the external boundary of the nite element domain. The IE order was set to
15 throughout the study. The IE centre was located at the same point as the centre of
the FE domain. An example of a nite element mesh created by ANPRORAD is shown in
Figure 6.2 for 2kHz.
6.2.5 Acoustic computation
The far-eld points at which the acoustic pressure is predicted, were dened so that their
positions are the same as the far-eld microphone positions in the tests. They were placed
over a polar angular range of 0 to 120 at 5 intervals. The centre of the arc was located
Infinite 
elements 
Finite 
elements 
Source plane  FE/IE origin 
Figure 6.2: An example of FE mesh created by ANPRORAD for 2kHzChapter 6. Intake no-ow rig test data appraisal and modelling 88
on the x axis at 0:66m upstream of the source plane (intake highlight) and the radius of the
arc is 3:95m to be the same as the tests.
6.2.6 Eect of acoustic liners
The liners used in the tests are of the same SDOF type in the optimisation study. The
predicted impedance values of the liners against frequency, supplied by the manufacturer
GKN Aerospace, are shown in Table 6.3. The axial location of the barrel and the lip liners
are given in Table 6.1 and Figure 6.1. Acoustic performance was studied with three barrel
liner lengths. The location and length of the lip liner remained constant for all builds.
The liner core was continuous between the barrel and lip liners with only the facing sheet
resistance changing.
For a single frequency the acoustic benet of each liner conguration is dened by the
Table 6.3: Non-dimensional impedance of barrel and lip liners, where facing sheet inertance  0:5mm, cell
depth 5mm
1/3 octave Barrel liner Lip liner
centre frequency impedance impedance
(Hz) R X R X
1000 1.77 -10.92 0.79 -10.92
1250 1.77 -8.72 0.79 -8.72
1600 1.77 -6.80 0.79 -6.80
2000 1.77 -5.12 0.79 -5.12
2500 1.77 -4.03 0.79 -4.03
3150 1.77 -3.14 0.79 -3.14
4000 1.77 -2.42 0.79 -2.42
5000 1.77 -1.89 0.79 -1.89
6300 1.77 -1.40 0.79 -1.40
8000 1.77 -0.97 0.79 -0.97
10000 1.77 -0.62 0.79 -0.62
12500 1.77 -0.31 0.79 -0.31
16000 1.77 0.04 0.79 0.04
20000 1.77 0.41 0.79 0.41Chapter 6. Intake no-ow rig test data appraisal and modelling 89
attenuation in SPL at each microphone or eld point given by
SPL() = 10log10

jp1()j2
jp2()j2

; (6.2.1)
where p1() is the acoustic pressure at polar angle  in the reference case and p2() in the
target case. In the current study this represents the attenuation due to the lined surface
compared to the reference case.
6.2.7 No-ow test builds for model validation and data appraisal
Table 6.4 shows the axisymmetric builds which are going to be discussed in this chapter.
These build numbers refer to the Tables 5.2 and 5.3 in Chapter 5.
6.3 Comparing prediction and measurement
In the numerical predictions the noise source was dened with acoustic duct modes with
unit intensity per mode. The total incident power to the duct Wpred(f) at frequency f(Hz)
is given by.
W
inc
pred(f) = A
inc X
m;n
cut on
Imn = A
incN
inc
cut on; (6.3.1)
where Ainc is the area of the fan plane and Ninc
cut on is the number of cut-on modes. This
incident power in the predictions has no relation to the acoustic power incident to the duct
Table 6.4: No-ow test build matrix
Build No. Inner Barrel Lip
1 Lined (L/D=1) Lined
2 Lined (L/D=1) Hard
3 Hard Hard
4 Hard Lined
13 Lined (L/D=0.5) Hard
16 Lined (L/D=0.5) Lined
17 Lined (L/D=0.3) Lined
18 Lined (L/D=0.3) HardChapter 6. Intake no-ow rig test data appraisal and modelling 90
in the tests. In order to compare the predicted and measured far-eld SPL's it is necessary
to calibrate the predictions, so that the predicted values correspond to the incident power
in the tests. The noise source power however was not measured in the tests. Therefore
it is assumed that the total radiated power from the anechoic end of the duct is equal to
the incident power for the hardwall case, i.e. W inc
meas  W rad
meas. The radiated power can be
calculated between polar angles 1 and 2 in the far-eld by integrating the acoustic power
over the corresponding part of a spherical surface shown in Figure 6.3. The expression is
given by
W
ff
meas(1;2) =
Z 2
1
I(R;)2R
2 sind; (6.3.2)
where I(R;) is the acoustic intensity at a polar angle  on the far-eld spherical surface
with a radius R.
In the current no-ow tests, the acoustic pressure was measured between the polar angles
0 and 120. No data is available beyond this angular range. It is reasonable to assume
that noise was radiated mostly to the forward arc 0    90 and the radiated noise power
beyond 120 is negligible. Therefore the incident power in the tests was assumed to be given
by the power radiated to a part of a spherical surface in the far-eld between the polar angles
0 and 120.
W
inc
meas(1;2) 
Z 120
0
I
ff
meas
hw
(R;)d: (6.3.3)
The predictions can then be calibrated for the source power by applying the factor W inc
meas=W inc
pred
of the incident powers.
θ 
Rsindθ 
A=2πR2sinθdθ 
Rdθ 
Figure 6.3: Integration over polar angle for acoustic powerChapter 6. Intake no-ow rig test data appraisal and modelling 91
In principle, the procedure to calibrate the incident power in the predictions described above
is appropriate. It may not always work however, because of the contamination of background
noise. At large polar angles, if the radiated noise level is low and the Signal to Noise Ratio
(SNR) is not sucient, including such an angular range in the integration of the acoustic
power can over estimate the radiated power. Therefore it was decided to take another
calibration method to ensure the radiated power over a small range of polar angles for the
hardwall duct in the predcition to be the same as that in the test. In the current study the
angular range 0    20, was used for this calibration i.e.
Z 20
0
I
ff
pred(R;)d =
Z 20
0
I
ff
meas(R;)d: (6.3.4)
For comparing far-eld SPL directivities it is also necessary to consider the eect of the
background noise. In the no-ow tests background noise consists of the ambient noise in the
anechoic chamber and the noise transmitted through the duct wall to the exterior (leakage).
It was measured at the far-eld microphones with the noise source incident to the duct and
the duct exit blanked o. The measured data includes both ambient noise and leakage. An
additional test was conducted to measure the levels of the ambient noise. The background
noise was considered with the predictions and calibrated by using the above method.
Predicted SPL values, with and without background noise levels included, are compared with
measured values for the hardwall and barrel lined congurations for a frequency of 20kHz
and shown in Figure 6.4(a) and (b). In the hardwall case (Figure 6.4(a)) the eect of adding
the leakage to the predicted level is almost negligible for this case. This is because the SNR
is larger than 10dB at most polar angles and approximately 3dB even at 120. For the barrel
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Figure 6.4: Far-eld polar directivity for leakage method with multi-mode noise source with a frequency of
20kHzChapter 6. Intake no-ow rig test data appraisal and modelling 92
lined case (Figure 6.4(b)) the eect is evident at polar angles greater than 60 where the
background noise level is similar to, or exceeds, the predicted SPL. The attenuation by the
liner, calculated from the predicted SPL's for hardwall and lined cases, is much closer to the
measured attenuation values at high angles when the background noise level is taken into
account as shown in Figure 6.4(c).
6.3.1 The hardwall case (build 3)
Results for the hardwall case are discussed in this section. The predicted and measured far-
eld SPL's against polar angle for selected frequencies between 1kHz and 20kHz are shown
in Figure 6.5. Due to the method used to calibrate predictions described in Section 6.3, the
predicted SPL's at small polar angles are very close to measured SPL's at all frequencies.
The predicted values however diverge from the measured data at polar angles greater than
40 at frequencies from 1kHz to 4kHz. There are only 5 modes cut-on at 1kHz rising to 59
modes at 4kHz (see Table 6.2). The assumption of multi-mode noise source with uncorrelated
modes with equal power may not be correct for this relatively small number of modes. On the
other hand, agreement of predicted and measured SPL's is good over the entire polar angular
range at frequencies of 4kHz or greater. In contrast, at high frequencies the number of cut-on
modes is large enough and the multi-mode source assumption holds. Such dierences can
be explained by considering the number of modes in the noise source.
6.3.2 The barrel lined case (Build 2: L/D=1)
Three dierent lengths of barrel liner were considered in the no-ow test. The rst case
with the liner length of 0.43m, shown in Figure 6.1(a) is discussed in this section. The
predicted and measured far-eld SPL and liner attenuations are shown in Figure 6.6 for the
same frequencies previously shown in Figure 6.5 for the hardwall case. The SPL attenuation
by the barrel liner, SPL, is calculated by using expression 6.2.1 taking account of the
background noise level.
The predicted far-eld SPL at frequencies of 1kHz and 2kHz show a similar deviation fromChapter 6. Intake no-ow rig test data appraisal and modelling 93
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Figure 6.5: Far-eld polar directivity for the hardwall case with multi-mode noise source
the measured data to that seen for the hardwall case. The correspondence in liner attenuation
is very close at 1kHz although the value is small. The predicted attenuation at 2kHz is larger
than the measured value at polar angles greater than 40.
At a frequency of 4kHz (Figure 6.6(e)), the predicted far-eld SPL closely matches the
measured data. However, the higher predicted values for the hardwall case (Figure 6.5(c))
result in the predicted attenuation being greater than the measured attenuation (see FigureChapter 6. Intake no-ow rig test data appraisal and modelling 94
0 20 40 60 80 100 120
0
10
20
30
40
50
60
Polar angle (°)
S
P
L
 
(
d
B
)
 
 
Pred
Meas
(a) Far-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(e) Far-eld SPL (4kHz)
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Figure 6.6: Far-eld SPL for barrel lined intake (left) with  SPL (right) for multi-mode source and barrel
liner L/D=1
(Figure 6.6(f)) .
At a frequency of 8kHz, the predicted SPL's for both Hardwall and lined cases are in good
agreement with the measured data as shown in Figures 6.5(d) and 6.6(g) respectively. The
predicted and measured attenuation values shown in Figure 6.6(h) are therefore in close
agreement with the maximum dierence of approximately 2.5dB at large angles.Chapter 6. Intake no-ow rig test data appraisal and modelling 95
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(i) Far-eld SPL (16kHz)
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(j) Attenuation SPL (16kHz)
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(k) Far-eld SPL (20kHz)
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Figure 6.6: Far-eld SPL for barrel lined intake (left) with  SPL (right) for multi-mode source and barrel
liner L/D=1
For frequencies of 16kHz and 20kHz the SPL predicted for the lined case is lower than the
measured value by up to 4dB, despite that the agreement is very good for the hardwall case.
This suggests that the discrepancy for the lined case is due to the liner performance rather
than noise source or the geometry eect. As seen in Figures 6.6(j) and 6.6(l) the attenuation
is over predicted at polar angles greater than 30.Chapter 6. Intake no-ow rig test data appraisal and modelling 96
Figure 6.7 shows the measured and predicted attenuation by the barrel liner PWL over
the polar angular range (40 to 90) against frequency, calculated by expression 4.2.2. The
agreement between predicted and measured attenuations is good up to 12.5kHz, with slight
over prediction up to 4kHz and under prediction between 5kHz and 12kHz. At frequencies
up to 4kHz the attenuation is slightly over predicted by up to 2dB. At frequencies of 5kHz
and 12.5kHz the attenuations are in very good agreement. The attenuation values however
diverge at high frequencies above 12.5kHz with the predicted values up to 5dB greater than
the measured values. This dierence could be due to the impedance model, which is very
dicult to validate by measurement at high frequencies.
6.3.3 The barrel plus lip lined case (Build 1)
In this conguration, a lip liner is added to the duct which already has the barrel liner
discussed in 6.3.2. The lip liner has a lower resistance than the barrel liner as shown in
Table 6.3. Figure 6.8 shows measured and predicted values of far-eld SPL and SPL(lip)
against polar angle. The SPL(lip) is the lip liner benet incremental attenuation achieved
by adding the lip liner to the barrel lined intake. In this case attenuation is calculated by
using expression (6.2.1) where p1 is for the intake with a barrel liner and p2 is for the intake
with both barrel and lip liner in the current case.
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Figure 6.7: Measured and predicted values of attenuated sound power from an intake barrel liner (L/D=1)
for polar angles between 40 and 90Chapter 6. Intake no-ow rig test data appraisal and modelling 97
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(a) Far-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(b) Attenuation (1kHz)
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(c) Far-eld SPL (2kHz)
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(d) Attenuation (2kHz)
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(e) Far-eld SPL (4kHz)
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Figure 6.8: Far-eld SPL for barrel lined intake (left) with  SPL (right) for lip for multi-mode source and
barrel liner L/D=1
At 1kHz and 2kHz the predicted far-eld SPL is greater than the measured value. This was
also noted for the hardwall (see Figure 6.5) and barrel lined (see Figure 6.7) cases. As a
result, both predicted and measured attenuations are almost zero at 1kHz. The reason why
the lip liner benet is negative in measured data at all polar angles is not clearly understood.
At a frequency of 2kHz there is measurable attenuation between polar angles of 40 and 90
which is slightly under predicted.Chapter 6. Intake no-ow rig test data appraisal and modelling 98
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Figure 6.8: Far-eld SPL for barrel plus lip lined intake (left) with  SPL (right) for lip for multi-mode
source and barrel liner L/D=1
At a frequency of 4kHz there is close agreement between the far-eld SPL values. The
predicted and measured lip liner benet is also in good agreement with the dierence within
1dB despite the attenuation by the barrel liner being over predicted by up to 3dB over a
wide polar angle range (see Figure 6.6(f)). The lip liner shows attenuation of close to 2dB
at its peak between 60 and 80 in both measurement and prediction.
There is close agreement for the measured and predicted far-eld SPL for a frequency of 8kHzChapter 6. Intake no-ow rig test data appraisal and modelling 99
(see Figure 6.8(g)). At this frequency close agreement between measured and predicted SPL's
is also seen for the hardwall and barrel lined cases as shown in Figures 6.5(d) and 6.6(g),
respectively. The measured and predicted lip liner benet are in very good agreement up
to a polar angle of 60, and diverge at greater angles with over prediction of 1.5 to 2dB as
shown in (Figure 6.8(h).
At a frequencies of 16kHz the lip liner benet between polar angles 35 and 80 is over
predicted by up to 2.5dB, with good correspondence of measurement and prediction on both
sides. The same trend is observed for 20kHz with over predicted lip liner benet up to 1.7dB
between 35 and 65 polar angles.
Figure 6.9 shows the noise benet of the lip liner measured by the reduction of radiated
acoustic power over the polar angular range between 40 and 90 against frequency. Good
agreement is shown for frequencies up to 5kHz. Above 5kHz, the lip liner benet in PWL is
over predicted more and more as the frequency increases up to 16kHz. The over prediction
at high frequencies at 12.5kHz and beyond is likely to be contributed by the inaccuracy of
the impedance prediction as discussed for the barrel liner in 6.3.2.
6.3.4 The lip liner only case (Build 4)
The benet of a lip liner when added to a hard-walled intake is investigated in this build.
Although an intake with a lip liner without a barrel liner is not a realistic conguration, such
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Figure 6.9: Measured and predicted values of attenuated sound power from a lip liner when added to a barrel
liner (L/D=1) for polar angles between 40 and 90Chapter 6. Intake no-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a duct has been tested in order to assess the eect of a lip liner when the noise is not already
attenuated by a barrel liner as in the previous section. Figure 6.10 shows the measured
and predicted far-eld SPL and attenuation against polar angle in the same format as the
previous cases.
For frequencies up to 8kHz the predicted far-eld SPL are greater than the measured values
as seen for all the previous cases. Less than 1dB of attenuation is seen for these frequencies.
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Figure 6.10: Far-eld SPL for lip only lined intake (left) with  SPL for lip only (right) for multi-mode
sourceChapter 6. Intake no-ow rig test data appraisal and modelling 101
0 20 40 60 80 100 120
0
10
20
30
40
50
60
Polar angle (°)
S
P
L
 
(
d
B
)
 
 
Pred
Meas
(g) Far-eld SPL (8kHz)
0 20 40 60 80 100 120
−2
−1
0
1
2
3
4
5
6
Polar angle (°)
∆
 
S
P
L
 
(
d
B
)
 
 
Pred
Meas
(h) Attenuation (8kHz)
0 20 40 60 80 100 120
0
10
20
30
40
50
60
Polar angle (°)
S
P
L
 
(
d
B
)
 
 
Pred
Meas
(i) Far-eld SPL (16kHz)
0 20 40 60 80 100 120
−2
−1
0
1
2
3
4
5
6
Polar angle (°)
∆
 
S
P
L
 
(
d
B
)
 
 
Pred
Meas
(j) Attenuation (16kHz)
0 20 40 60 80 100 120
0
10
20
30
40
50
60
Polar angle (°)
S
P
L
 
(
d
B
)
 
 
Pred
Meas
(k) Far-eld SPL (20kHz)
0 20 40 60 80 100 120
−2
−1
0
1
2
3
4
5
6
Polar angle (°)
∆
 
S
P
L
 
(
d
B
)
 
 
Pred
Meas
(l) Attenuation (20kHz)
Figure 6.10: Far-eld SPL for lip only lined intake (left) with  SPL for lip only (right) for multi-mode
source
The predicted attenuation by the lip liner at 1kHz is virtually zero as shown in Figure
6.10(b), which is the same as the predicted lip liner benet when added to the intake with a
barrel liner shown in Figure 6.8(b). The measured value is on the other hand slightly larger
for the lip liner than for the lip liner added to the intake barrel liner.
At a frequency of 4kHz the predicted far-eld SPL are greater than the measured values.
The predicted attenuation is similar for polar angles up to 40. At polar angles greater thanChapter 6. Intake no-ow rig test data appraisal and modelling 102
40 predicted values are less than 1dB greater than measured. A maximum of up to 3dB of
attenuation is predicted with up to 2.5 dB measured at a polar angle of 75.
Frequencies greater than 4kHz show good agreement between the predicted far-eld SPL
and the measured values. The predicted and measured attenuation values show some cor-
relation at these frequencies. For a frequency of 8 kHz the predicted attenuation shows a
smooth attenuation curve up to a polar angle of 60 whereas the measured values show a
clear variation in directivity. For frequencies of 16kHz and 20kHz the predicted attenuation
behaves similarly to a barrel liner with a peak at 75. The measured values show a clear
variation in directivity as noted for a frequency of 8kHz.
Figure 6.11 shows the predicted and measured attenuation in sound power for the polar
angles between 40 and 90 against frequency. The predicted values are up to 1dB greater
than measured for frequencies larger than 2.5kHz. As previously noted it is not possible to
compare how the lined lip performs against the equivalent length of inner barrel liner as the
facing sheet resistance of the lip liner (0.79) is lower than that of the barrel liner (1.77).
6.3.5 Varying the length of the barrel liner (L/D=0.5 - Build 13)
An intake with a shorter length of barrel liner is now considered. The measurements for the
reduced length barrel liner were acquired in a later period of testing to the original longer
barrel liner. The hardwall case was not repeated in the later test phase conducted in March
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0
1
2
3
4
5
Frequency (kHz)
∆
 
P
W
L
 
(
d
B
)
 
 
Pred
Meas
Figure 6.11: Measured and predicted values of attenuated sound power from a lip liner when added to a
hardwall barrel for polar angles between 40 and 90Chapter 6. Intake no-ow rig test data appraisal and modelling 103
2011. Data from the original test performed in October 2010 is therefore used to calculate
barrel liner attenuation.
Figure 6.12 shows the predicted and measured far-eld SPL and attenuation against polar
angle in the same format as previous cases. At a frequency of 1kHz the measured data
shows up to 3dB of attenuation. This is not consistent with the attenuation shown for the
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Figure 6.12: Far-eld SPL for barrel lined intake (left) with  SPL (right) for multi-mode source and barrel
liner L/D=0.5Chapter 6. Intake no-ow rig test data appraisal and modelling 104
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Figure 6.12: Far-eld SPL for barrel lined intake (left) with  SPL (right) for multi-mode source and barrel
liner L/D=0.5
L/D=1 barrel liner case in Figure 6.6(b) where less than 1dB is shown. This could be a
consequence of using the hardwall data from the previous test period. The predicted values
are lower than the measured values with less than 0.5dB of attenuation. This is consistent
with the attenuation shown for the L/D=1 barrel liner. At a frequency of 2kHz the measured
and predicted attenuation values show closer agreement. The attenuation is expected to be
proportional to the length of the liner. Taking a polar angle of 60 as a reference position theChapter 6. Intake no-ow rig test data appraisal and modelling 105
measured attenuation for two barrel liners can be compared. In Figure 6.6(d) the predicted
attenuation is 4dB and in Figure 6.12(d) attenuation of 2dB is shown as expected. A similar
comparison for the measured data yields 2.5dB and 2dB respectively. This suggests the
measured attenuation for the L/D=0.5 liner is 0.75dB higher than expected. This result
could indicate the assumption that the broadband noise source remained the same is not
correct.
At a frequency of 4kHz the predicted and measured far-eld SPL show close agreement. For
the hardwall case shown in Figure 6.5(c) the predicted far-eld SPL is 1.5dB greater than the
measured value at a polar angle of 60. This is reected in the larger predicted attenuation
value in Figure 6.12(f). The measured attenuation for the two lengths of barrel liners shown
in Figures 6.6(f) (L/D=1) and 6.12(f) (L/D=0.5) are 8dB and 4dB respectively which is
proportional as expected.
For a frequency of 8kHz the far-eld SPL show close agreement for the hardwall and the
barrel lined case. This agreement is reected in Figure 6.12(h). The measured attenuation
for barrel liners with L/D=1 and L/D=0.5 shown in Figures 6.6(h) and 6.12(h) for a polar
angle of 60 indicate 15dB and 8dB of attenuation respectively, which is approximately
proportional as expected.
For frequencies of 16kHz and 20kHz the predicted and measured far-eld SPL in Figures
6.12(i) and 6.12(k) show close agreement. The predicted values are typically less than mea-
sured for the polar angles between 40 and 90. When compared to the hardwall case in
Figures 6.5(e) and 6.5(f) the predicted values are typically greater than the measured values.
This explains why the predicted attenuation shown in Figures 6.12(l) and 6.12(l) is larger
than the measured values despite close agreement in far-eld SPL. At a polar angle of 60
the measured attenuation for the barrel liner with L/D=1 and L/D=0.5 is proportional as
expected.
Figure 6.13 shows the predicted and measured attenuated sound power for polar angles
between 40 and 90. The values shown in Figure 6.13 are for the longer barrel liner (L/D=1).
The comparison for proportional attenuation due to liner length can be also be applied for
sound power. At a frequency of 4kHz measured attenuation of 8dB and 4dB are seen for theChapter 6. Intake no-ow rig test data appraisal and modelling 106
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Figure 6.13: Measured and predicted values of attenuated sound power from an intake barrel liner (L/D=0.5)
for polar angles between 40 and 90
barrel liners with L/D=1 and L/D=0.5 cases respectively. Measured attenuation of 15dB
and 7dB are seen at a frequency of 8kHz for the same liner ratios L/D=1 and L/D=0.5
respectively. For these two frequencies the attenuation is proportional to the liner length.
At a frequency of 16kHz the measured attenuation is 15dB for the liner L/D=1 and 5dB for
the L/D=0.5 which is not proportional.
6.3.6 Addition of a lip liner to a barrel liner with L/D=0.5 (Build 16)
The benet of adding a lip liner to the barrel liner with a L/D=0.5 is now considered. Figure
6.14 shows the far-eld SPL and additional attenuation for the lip liner against polar angle
in the same format as the previous cases.
For frequencies less than 4kHz the predicted far-eld SPL is greater than the measured data
but the attenuation is in close agreement. This is not unexpected as the predicted far-eld
SPL are also greater than measured for the barrel lined case shown in Figure 6.12.
At a frequency of 4kHz the predicted and measured far-eld SPL are in close agreement as
they were for the barrel lined case (L/D=0.5) in Figure 6.12(e). The additional attenuation
due to the lip liner shows reasonable agreement. A maximum 2dB of attenuation is measured
at a polar angle of 70.Chapter 6. Intake no-ow rig test data appraisal and modelling 107
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Figure 6.14: Far-eld SPL for barrel plus lip lined intake (left) with  SPL for lip (right) for multi-mode
source and barrel liner L/D=0.5
The predicted and measured far-eld SPL at a frequency of 8 kHz are in close agreement as
they were for the barrel lined case (see Figure 6.12(g)). Predicted attenuation due to the lip
liner is in close agreement with the measured data at polar angles less than 40. At 60 the
predicted attenuation is close to 1dB greater than the measured value. The predicted values
remain larger than the measured values by up to 2dB for polar angles from 60 to 120. A
maximum 3.5dB of additional attenuation is achieved with the lip liner.Chapter 6. Intake no-ow rig test data appraisal and modelling 108
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Figure 6.14: Far-eld SPL for barrel plus lip lined intake (left) with  SPL for lip (right) for multi-mode
source and barrel liner L/D=0.5
At frequencies of 16kHz and 20kHz the measured and predicted far-eld SPL show close
agreement at polar angles between 10 and 40 and greater than 90. Figures 6.14(j) and
6.14(l) show the lip liner has a clear impact on directivity for polar angles between 40 and
80.
Figure 6.15 shows the additional attenuation in sound power for polar angles between 40
and 90 due to the lip liner. The predicted values are higher than measured across mostChapter 6. Intake no-ow rig test data appraisal and modelling 109
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Figure 6.15: Measured and predicted values of attenuated sound power from a lip liner when added to a
barrel liner (L/D=0.5) for polar angles between 40 and 90
of the frequency range. At frequencies less than 2kHz where there is very little attenuation
the agreement is good. For frequencies between 8kHz and 16kHz the measured attenuation
reduces whereas the predicted values peak at 10kHz before reducing.
6.3.7 Varying the barrel liner length (L/D=0.3 - Build 18)
A barrel liner with the length reduced to a L/D=0.3 is now considered. As noted for the
L/D=0.5 liner the hardwall data employed to calculate the barrel liner attenuation is taken
from the October 2010 phase of testing. Figure 6.16 shows the far-eld SPL and attenuation
in the same format as previous cases.
At a frequency of 1kHz up to 3dB of attenuation is measured as noted for the liner L/D=0.5
case whereas the longer liner with L/D=1 showed less than 1dB of attenuation. The predicted
values are consistent with the minimal attenuation expected.
For a frequency of 4kHz the measured and predicted far-eld SPL values come into close
agreement. The corresponding attenuation values do not express the same agreement across
the polar angle range. The assumption that attenuation is proportional to liner length can
again be considered as noted previously for the L/D=0.5 barrel lined case. The barrel liner
with a L/D=1 (see Figure 6.6(f)) shows 8dB of attenuation at 60 whereas for this case (see
Figure 6.16(f)) 3dB is shown. However, for most other polar angles the measured attenuation
is not proportional to the length of liner.Chapter 6. Intake no-ow rig test data appraisal and modelling 110
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Figure 6.16: Far-eld SPL for barrel lined intake (left) with  SPL (right) for multi-mode source and barrel
liner L/D=0.3
At a frequency of 8kHz the measured and predicted far-eld SPL values are in close agree-
ment. The measured and predicted attenuation values only agree between polar angles of 45
and 60. For angles greater than 60 the measured values reduce before the predicted values
but there is a similar trend. The lined barrel with a L/D=1 (see Figure 6.6(h) shows mea-
sured attenuation of 15dB at a polar angle of 60 whereas Figure 6.16(h) shows the measured
attenuation is 6dB for a barrel liner L/D=0.3 which is approximately proportional.Chapter 6. Intake no-ow rig test data appraisal and modelling 111
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Figure 6.16: Far-eld SPL for barrel lined intake (left) with  SPL (right) for multi-mode source and barrel
liner L/D=0.3
At frequencies of 16kHz and 20kHz the predicted and measured far-eld SPL show close
agreement. The corresponding attenuation gures do not show much agreement. The max-
imum predicted attenuation of 10dB occurs at 70 in a similar manner to that seen for the
intake with a L/D=1 liner (see Figures 6.6(j) and 6.6(l)). The barrel liner L/D=1 shows
measured attenuation of 16dB with 5dB shown for a barrel liner L/D=0.34 at a frequency
of 16kHz at a polar angle of 60 which is approximately proportional.Chapter 6. Intake no-ow rig test data appraisal and modelling 112
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Figure 6.17: Measured and predicted values of attenuated sound power from an intake barrel liner
(L/D=0.34) for polar angles between 40 and 90
Figure 6.17 shows the predicted and measured sound power for the polar angles between 40
and 90. The two sets of values show remarkably close agreement considering some of the
disparity in attenuated SPL against polar angle shown in Figure 6.16.
6.3.8 Reduced barrel liner length (L/D=0.3) with lined lip (Build 17)
The additional benet of the lip liner with the L/D=0.3 barrel liner is now considered.
Figure 6.18 shows the predicted and measured values in the same format as previous cases.
At frequencies less than 2kHz the far-eld SPL show some disparity as seen for other cases
for these frequencies. The measured and predicted attenuation values are less than 1dB and
show close agreement.
At a frequency of 4kHz the predicted and measured far-eld SPL show close agreement. This
is reected in the attenuation where both sets of values show a maximum value close to 2dB
at 70. There is some disparity for polar angles less than 20 and greater than 90.
The predicted and measured far-eld SPL are in close agreement for a frequency of 8kHz.
The attenuated values for the prediction follow a similar trend to the measured data. Some
agreement is seen at angles less than 40 but for angles greater than this the predicted
attenuation is higher.Chapter 6. Intake no-ow rig test data appraisal and modelling 113
At frequencies of 16kHZ and 20kHz the far-eld SPL show similar trends but the agreement
is less than that seen at a frequency of 8kHz. The disparity is particularly noticeable for
polar angles between 40 and 90. The attenuation predicted can be seen to be up to 2dB
above the measured values in this region.
Figure 6.19 shows the attenuated sound power for a range of polar angles between 40 and
90. The predicted attenuation values are larger than the measured values for frequencies
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(b) Attenuation (1kHz)
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(c) Far-eld SPL (2kHz)
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(d) Attenuation (2kHz)
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(e) Far-eld SPL (4kHz)
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(f) Attenuation (4kHz)
Figure 6.18: Far-eld SPL for barrel plus lip lined intake (left) with  SPL for lip (right) for multi-mode
source and barrel liner L/D=0.3Chapter 6. Intake no-ow rig test data appraisal and modelling 114
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(g) Far-eld SPL (8kHz)
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(h) Attenuation (8kHz)
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(i) Far-eld SPL (16kHz)
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(j) Attenuation (16kHz)
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(k) Far-eld SPL (20kHz)
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(l) Attenuation (20kHz)
Figure 6.18: Far-eld SPL for barrel plus lip lined intake (left) with  SPL for lip (right) for multi-mode
source and barrel liner L/D=0.5
greater than 2.5kHz. The attenuation trend across the frequency range is similar for the
predicted and measured values. The measured attenuation shows a clear benet for the lip
liner with a maximum value of 1.5dB at 8kHz.Chapter 6. Intake no-ow rig test data appraisal and modelling 115
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Figure 6.19: Measured and predicted values of attenuated sound power from a lip liner when added to a
barrel liner (L/D=0.3) for polar angles between 40 and 90
6.4 Summary
The performance of a barrel liner and a lip liner have been studied with a broadband (multi-
mode) noise source. Measured data acquired during tests conducted in the ISVR anechoic
chamber have been appraised against numerical predictions of the test rig. Three lengths of
barrel liner have been considered with length to duct ratios of 0.3, 0.5 and 1.
Figure 6.20 shows the predicted and measured attenuation in sound power against frequency
for the three lengths of barrel liner studied. As expected the attenuation for the three lengths
is approximately proportional. The predicted attenuation is consistently over predicted at
16kHz and 20kHz. This may be caused by the predicted liner impedance values supplied by
GKN Aerospace which are used in the ACTRAN/TM model.
Figure 6.21 shows the predicted and measured additional attenuation in sound power against
frequency for the lip liner with the three lengths of barrel liner studied. The predicted atten-
uation is typically higher than the measured values across the frequency range shown. For
both the measured and predicted values the lip liner demonstrates greatest attenuation with
the longest barrel liner (L/D=1). The benet of the lip liner appears to show proportionality
to the length of the barrel liner. The length of the lip liner was constant throughout the
testing.Chapter 6. Intake no-ow rig test data appraisal and modelling 116
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Figure 6.20: Measured and predicted values of attenuated sound power from three dierent length intake
barrel liners for polar angles between 40 and 90
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Figure 6.21: Measured and predicted values of attenuated sound power from a lip liner when added to three
dierent length intake barrel liners for polar angles between 40 and 90Chapter 7
Comparison of lip liner rig data and
ACTRAN/TM predictions
7.1 Introduction
A study of the benet of an intake lip liner conducted as part of the SYMPHONY pro-
gramme has been reported in chapter 4. Optimal lip liner properties were identied by using
numerical predictions generated by ACTRAN/TM combined with some engineering judge-
ment. The acoustic treatment consisted of a single-layer liner continuous between the barrel
and the lip with a constant cell depth. The facing sheet resistance of the barrel liner was
higher than that of the lip liner. A 1/6th scale intake was tested without ow in the ISVR
anechoic chamber. The data acquired from the tests have been appraised and compared
with numerical predictions.
In this chapter, selected measured data acquired from intake fan rig tests conducted at
the AneCom AeroTest facility in Wildau, Germany as an industry collaboration project of
Rolls-Royce are appraised. The intake has a Zero Splice Intake (ZSI) liner [68] [69] which
avoids the traditional hardwall splices between the acoustic panels. The acoustic treatment
extends forward in the fan case to include the intake lip. Fan rig tests were performed with
a 1/3rd scale drooped intake. One of the objectives of this test was to assess the benet
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of the lip liner on the intake [67]. The barrel and lip liner conguration tested were of a
single layer linear construction with constant core depth and facing sheet resistance across
the acoustically treated area. Adhesive tape was used to simulate the hardwall condition for
the conguration with an untreated lip surface.
The AneCom facility (Figure 7.1) is the largest in Europe for testing aero engine fans [87].
The chamber measures 30m x 35m x 10m and contains 40,000 acoustic wedges which are
anechoic between 200Hz and 40kHz. An array of 25 far-eld microphones is located on an
arc 18.5m from the intake centreline.
7.2 The computational model
A computational model has been created based on the test rig described in the preceding
section. Two dimensional co-ordinates were supplied by Rolls-Royce. These co-ordinates
(x;r) provided information for the spinner, fan and nacelle. They were obtained for a
transverse section through the the three dimensional drooped intake geometry at the mid-
Figure 7.1: AneCom AeroTest anechoic chamber used for rig testingChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 119
point of the intake i.e. 90 from the vertical. This data was used to generate an `equivalent'
axisymmetric intake for the purposes of the current analysis.
Two dierent noise sources are considered in this study, broadband and tone. The broadband
noise source is multi-modal. Single mode and multi-mode components are considered for the
tone noise source.
Four engine conditions are considered corresponding to 60%, 80%, 90% and 100% of the
maximum shaft rotation speed for the rig.
Non-dimensional impedance values were predicted by a SDOF model. The resistance and
reactance values are shown plotted against frequency in Figure 7.2 for single cavity model
with constant facing sheet resistance.
7.2.1 Geometry
The axisymmetric intake geometry used for this study is shown in Figure 7.3 with the location
of the barrel and lip liners identied. Acoustic treatment is continuous between the barrel
and lip liner i.e. there is no hardwall section. Geometry points were supplied for the spinner
and the bellmouth nacelle. The critical dimensions are summarised in Table 7.1.
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Figure 7.3: Intake geometry
Table 7.1: Critical geometry points and liner positions
Critical Geometry Distance from fan plane
Point Distances (except for fan radii)
Duct inner radius 0.1363m
Duct outer radius 0.4357m
Barrel liner start 0.2130m
Barrel liner nish 0.5635m
Lip liner start 0.5635m
Lip liner nish 0.7100m
Highlight 0.7176m
7.2.2 Engine conditions
The axial Mach numbers at the fan plane are shown in Table 7.2 at four engine conditions,
together with the stagnation values of the uid density and the speed of sound in air used
in the ACTRAN/TM models. Ambient ow is zero as the rig is stationary. The fan plane
Mach number is therefore entirely dependent on the fan rotation.
7.2.3 Noise source and frequencies
Two dierent noise sources, broadband and tone, are considered in this study.Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 121
Table 7.2: Flow conditions
Engine M M stag cstag
Speed (%NLc) (fan plane) (ambient) (kg/m3) (m/s)
60 0.30 0 1.225 340.17
80 0.44 0 1.225 340.17
90 0.53 0 1.225 340.17
100 0.64 0 1.225 340.17
Table 7.3: Engine Order Tones
Engine Engine Freq ka
Speed (%NLc) Order (Hz)
80 10 1134 9
20 2269 18
30 3403 27
40 4538 37
100 10 1417 11
20 2835 23
30 4252 34
40 5669 46
The broadband noise source used in the model is assumed to be multi-modal with equal
energy contained in each mode. Calculations are performed at one third octave band centre
frequencies from 100Hz to 5kHz. The broadband noise source is dened by having all cut-on
modes uncorrelated and each is incident with unit intensity. It means the source power at
each frequency is equal to the number of cut-on modes multiplied by the cross-sectional
area at the fan plane. The ACTRAN/TM results of the far eld acoustic pressure at each
frequency are scaled to values which correspond to unit source power.
For the tone sources, multi-mode and single-mode (rotor locked) analysis is performed. The
tone frequencies are expressed as f =shaft rotation frequencyEO, where EO is the Engine
Order. These frequencies are given in Table 7.3. The non-dimensionalised wavenumber kaChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 122
is also given where k is the wavenumber (k = 2f=c) and a is the fan radius. Engine speeds
are shown as %NLc where NL is the maximum shaft rotation speed and c indicates the
speed is corrected for variations in temperature during testing. The single mode orders at
these EO frequencies are taken as m = EO and n = 1 where m is the azimuthal mode order
and n is the radial mode order.
In Figure 7.4(a) the cut-on modes for selected EO frequencies at 80%NLc are shown. At
80%NLc the m = EO modes are cut-o for all four EO frequencies. This engine speed is
on the threshold of shaft speeds at which the fan blade tips would be expected to become
supersonic. The single mode rotor locked tones are then expected to cut-on and propagate
strongly. At EO 20 for example the highest azimuthal cut-on mode is mode (18,1). Similarly
at EO 30 the highest azimuthal cut-on mode order is mode (28,1) and at EO 40 mode (38,1)
is the highest cut-on mode.
At 100%NLc the cut-on modes are shown in Figure 7.4(b). The m = EO modes are now
well cut-on for all four frequencies.
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Figure 7.4: Cut-on modes at 80%NLc and 100%NLc for EO 10, 20, 30 and 40Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 123
7.2.4 FE/IE model
The Computational AeroAcoustics (CAA) code ACTRAN/TM was used to predict the per-
formance of the acoustic liners installed in the intake. Predictions have been performed for
the conditions tested in the AneCom test. Four engine speeds, 60%NLc, 80%NLc, 90%NLc
and 100%NLc, are considered.
A Matlab code has been developed to automatically perform ANPRORAD (see Chapter
3.6.3) and ACTRAN/TM computations and process the results into far-eld SPL's. AN-
PRORAD is used to generate an FE grid and solve the ow eld using the Euler equations
for a single frequency at one engine speed. ACTRAN/TM uses the FE grid and ow eld to
calculate the far-eld sound pressure. An example of an FE mesh created by ANPRORAD
for this computation is shown in Figure 7.5 for a frequency of 1kHz at 60% engine speed.
The goemetry is extended behind the intake in an arc to complete the inner boundary of
the FE domain. The mesh occupying this region aft of the intake allows for a more accurate
solution to be found by minimising reection from the FE boundary.
Quadratic quadrilateral nite elements were used to discretise the near eld of the intake.
The nite element domain is a semi-circular region around the intake with the radius of 2m.
The mesh resolution of the nite element domain was determined to have at least 10 nodes
per wavelength. A layer of innite elements is attached to the external boundary of the nite
Figure 7.5: An example of an FE mesh created by ANPRORAD for 1kHzChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 124
element domain. The IE order was set to 15 throughout the study.
7.2.5 Mean ow computation
The FE mesh created for the acoustic analysis was also used for the mean ow computation
by the compressible Euler ow solver embedded in ANPRORAD. A uniform ow with Mach
number M is imposed at the fan plane. Linear elements are used for the mean ow computa-
tion. These are obtained by ignoring the mid-side node in each of the acoustic elements. The
meshing can be controlled by ANPRORAD to adjust the local element size near the intake
lip where the ow velocity is expected to be high. Once the ow computation is completed,
the axial and radial components of the uid velocity are then interpolated onto each node of
the acoustic mesh. Figure 7.6 shows Mach number contours for 60%, 80% and 90% engine
speeds. The contours for 100% engine speed are shown seperately with a revised scale in
Figure 7.7.
7.2.6 Acoustic computation
The far-eld points on circular arc, at which the acoustic pressure is predicted, were dened
over the polar angular range of 0 to 120 at 5 intervals. The centre of the arc was located
on the x axis at 0:718m from source plane and the radius of the arc is 18:3m.
7.2.7 Modelling the eect of acoustic liners
The barrel liner and lip liner lengths are chosen to be the same as those used in the rig
tests. The facing sheet was a wiremesh so the resistance does not vary with Mach number or
frequency. The non-dimensional impedances of the liners are shown for third octave centre
frequencies in Table 7.4 and Figure 7.2. Impedances for EO frequencies are shown in Table
7.5. The axial location of the barrel and the lip liners are given in Table 7.1 and shown in
Figure 7.3. The location remained the same for all predictions, liner cell depth remained
constant and the acoustic treatment was continuous (zero splice) between the barrel and lip.Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 125
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Figure 7.6: Flow eld contours for 3 engine speeds
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Figure 7.7: Flow eld contours for 100% engine speed
For a single frequency the acoustic benet at each microphone or eld point is characterised
by the attenuation in SPL given by
SPL() = 10log10

jp1()j2
jp2()j2

; (7.2.1)
where p1() is the acoustic pressure in the reference case and p2() is the equivalent quantity
for the target case. In the current study this represents the attenuation at angle () due to
the lined surface compared to the reference case.Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 126
Table 7.4: Predicted liner impedance at one third octave band centre frequencies
1/3 octave Impedance
centre frequency (NLF1.3)
(Hz) R X
100 2.05 -32.38
125 2.05 -25.90
160 2.05 -20.21
200 2.05 -16.15
250 2.05 -12.90
315 2.05 -10.21
400 2.05 -8.00
500 2.05 -6.35
630 2.05 -4.98
800 2.05 -3.84
1000 2.05 -2.97
1250 2.05 -2.26
1600 2.05 -1.60
2000 2.05 -1.08
2500 2.05 -0.62
3150 2.05 -0.17
4000 2.05 0.30
5000 2.05 0.79
Table 7.5: Predicted liner impedance at Engine Order frequencies
Tone Engine Impedance
frequency Order (NLF1.3)
(Hz) R X
1134 80 2.05 -2.56
2269 80 2.05 -0.82
3403 80 2.05 -0.02
4358 80 2.05 0.57
1417 100 2.05 -1.91
2835 100 2.05 -0.37
4252 100 2.05 0.43
5669 100 2.05 1.11Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 127
7.3 Prediction versus measurement for a tone source
The hardwall case is taken as the reference conguration for the test data and the AC-
TRAN/TM predictions. For engine tests or fan tests the sound eld generated by the fan
consists of single-mode and multi-mode noise source mechanisms. The predicted multi-mode
source levels are calibrated by matching the predicted and measured sound eld close to the
axis in the range 0 to 20 using
SPLmmcal = SPLp   10log10
  PN2
j=N1 jppj2
PN2
j=N1 jpmj2
!
; (7.3.1)
where subscript mmcal is the multi-mode calibrated value, subscript p is the predicted
pressure and subscript m is the measured pressure N1 and N2 are eld points on the polar
arc between 0 and 20 respectively.
The single-mode noise source dominates the o-axis region between 60 and 100 from the
axis. This single-mode source level is calibrated by matching with measured data over this
interval i.e. by using
SPLsmcal = SPLp   10log10
0
B
B B
@
Z 2
1
jpp(R;)j
2 sind
Z 2
1
jpm(R;)j
2 sind
1
C
C C
A
; (7.3.2)
where subscript smcal is the single-mode calibrated value 1 = 60 and 2 = 100.
The tone predictions for both sources are compared against the measured data. Results for
the rst case are shown in Figure 7.8. Predicted far-eld SPL is shown plotted against polar
angle for a frequency of 2269Hz, corresponding to EO = 20 at 80%NLc. Single mode and
multi-mode contributions are shown for the case with a barrel liner only and with a barrel
liner plus a lip liner. From Figure 7.4(a) it can be seen that the m = EO (m = 20) mode is
predicted to be cut-o at this frequency. The measured data shows a very dominant single
mode contribution in Figure 7.9(b). To present a comparison between the predictions and
measurement a method to simulate this single mode was required. If the single mode in the
measured data is assumed to be just cut-on then it could be argued that a similarly just
cut-on mode in the numerical model could be considered. The highest order mode predicted
to be cut-on at this frequency is m = 18. So it is assumed in Figure 7.8 that the highestChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 128
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Figure 7.8: Prediction for Multi-Mode (MM) + EO tone far-eld SPL for EO=20 at 80%NLc. As m = EO
is cut-o the highest predicted cut-on single-mode (SM) m = 18 is shown. Legend: Hardwall (HW), Barrel
(B) and Barrel plus Lip (B+L)
cut-on azimuthal mode contains the energy that would be expected in the m = EO (m = 20)
mode. The attenuation of this mode is such that only the hardwall eld shape is present
in the SPL range shown. The eld shapes for the lined cases fall below the scale presented.
Where the liners are present the multi-mode contribution dominates the far-eld and the
single mode contribution. Achunche [60] has shown that the modes adjacent to the m = EO
mode can also contain signicant energy.
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(a) Predicted MM with m=18
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Figure 7.9: Comparison between predicted and measured far-eld SPL for EO=20 at 80%NLc. EO tone
(SM) m = 18 is added to MM for the prediction. Legend: Hardwall (HW), Barrel (B) and Barrel plus Lip
(B+L)Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 129
In Figure 7.9(a) the far-eld pressures for the `single mode' and multi-mode sources are
summed in an uncorrelated manner. The single mode component consisting of m = 18 is
compared with the measured data.
There are three key areas in the directivity. First, the low polar angles where the SPL is
reasonably constant. The polar angle at which the maximum SPL is observed. Finally the
polar angle region where the SPL reduces. A reasonable correspondence exists between the
measured and predicted polar directivities. In the hardwall case both sets of data show a
peak at a polar angle of 70 but the measured values decay much more rapidly above 80.
The data suggests the liner has attenuated the dominant single mode component.
The multi-mode far-eld directivity is changed by adding the lip liner to the barrel lined
intake. On axis the SPL is higher for the lip lined case this is probably due to the lip liner
causing scattering between mode orders. Above 50 the lip liner displays a benet.
At EO = 30 corresponding to a frequency of 3403Hz, the results are presented in the same
manner as those for EO = 20. In Figure 7.10 the eld shape of the multi-mode content
is considered with an assumed single mode component. Once again the engine order mode
m = 30 is cut-o and the highest cut-on azimuthal mode order m = 28 is considered. Lobed
eld shapes for the lined congurations of the single mode component are o the scale due to
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Figure 7.10: Predictions for Multi-Mode (MM) + EO tone far-eld SPL for EO=30 at 80%NLc. As m = EO
is cut-o the highest predicted cut-on single-mode (SM) m = 28 is shown. Legend: Hardwall (HW), Barrel
(B) and Barrel plus Lip (B+L)Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 130
the signicant attenuation achieved. With the acoustic liners present the multi-mode source
dominates the far-eld arc.
The predicted directivities are compared to the measured data in Figure 7.11. In the hardwall
case the single mode mode protrusion is less signicant than was observed at EO = 20. Some
agreement exists between the predicted and measured data. In the hardwall case for example
there is evidence of a single mode in the measured data and shows features of the predicted
results. For the lined congurations more attenuation is predicted than measured.
The last frequency considered at 80%NLc is 4538Hz corresponding to EO = 40. Figure
7.12 shows the predicted eld shapes for the multi-mode and single mode components of the
noise source. As was the case for the lower frequencies considered at this engine speed, the
m = EO mode (m = 40) is predcted to be cut-o. The highest cut-on azimuthal mode order
is m = 38 and results are shown with this mode incident.
For the multi-mode noise the predicted far-eld directivity has changed by adding the lip
liner to the barrel lined intake. At polar angles below 40 there is a small benet from the
lip liner. Between 40 and 60 the lip liner exhibits very little benet. Above 60 the lip
liner displays the most benet.
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(a) Predicted MM with m=28
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Figure 7.11: Comparison between predicted and measured far-eld SPL for EO=30 at 80%NLc. EO tone
(SM) m = 28 is added to MM for the prediction. Legend: Hardwall (HW), Barrel (B) and Barrel plus Lip
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Figure 7.12: Predictions for Multi-Mode (MM) + EO tone far-eld SPL for EO=40 at 80%NLc. As m = EO
is cut-o the highest predicted cut-on single-mode (SM) m = 38 is shown. Legend: Hardwall (HW), Barrel
(B) and Barrel plus Lip (B+L)
In Figure 7.13 the predicted values are compared against the measured data. The predicted
values presented in Figure 7.13(a) are calculated from the combination of the multi-mode and
the single mode components. The eect of the single mode contribution can be clearly seen in
the hardwall eld shape at polar angles above 60. For the lined intake the directivity appears
similar to the multi-mode source suggesting the single mode source has been signicantly
attenuated.
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Figure 7.13: Comparison between predicted and measured far-eld SPL for EO=40 at 80%NLc. EO tone
(SM) m = 38 is added to MM for the prediction. Legend: Hardwall (HW), Barrel (B) and Barrel plus Lip
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In Figure 7.13(b) the measured data does not display the directivity lobe expected for a
single mode contribution where m = EO (m = 40). There is some evidence of contributions
from a noise source that is not typical of a multi-mode source. Normally SPL would be
expected to reduce steadily as the polar angle increases as shown in the predictions. The
hardwall measurements show that close to 80dB in SPL is present at a polar angle of 100
which is still 10dB above the values measured for the lined cases. The peak value is seen at
a polar angle of 35 which is a much lower angle than would be expected for a mode which
is just cut-on.
Next, the 100%NLc condition is considered. Figure 7.14 shows predictions for a frequency
of 2835Hz corresponding to EO = 20. The multi-mode SPL is presented with the rotor
locked single mode component where m = EO = 20. For the hardwall case the rotor locked
element dominates the far-eld SPL by 15dB at some polar angles. When the barrel liner is
installed the directivity shows two distinct lobes with maximum values at 60 and 100. This
suggests two radial modes orders are cut-on as shown by the cut-on mode triangle in Figure
7.4(b). The rotor locked mode is greater than 10dB higher than the mulit-mode component
at the maximum value. Adding the lip liner to the barrel lined intake further reduces the
rotor locked SPL by 10dB between the maximum values. The single mode still dominates
the far-eld SPL at polar angles greater than 70 by approximately 6dB.
Figure 7.15 presents a comparison between predicted and measured data. The predicted
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Figure 7.14: Far-eld prediction vs measurement for EO=20 at 100%NLc. Legend: Hardwall (HW), Barrel
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Figure 7.15: Far-eld prediction vs measurement for EO=20 at 100%NLc. Legend: Hardwall (HW), Barrel
(B) and Barrel plus Lip (B+L)
values shown in Figure 7.15(a) combine the multi-mode tone and single-mode rotor locked
components in an uncorrelated manner as for previous cases. The contribution from the rotor
locked mode can be clearly seen for all three intake congurations. Comparison with the
measured data in Figure 7.15(b) suggests much closer agreement than achieved at previous
engine speeds. The barrel lined prediction clearly shows two lobes as for the measured data.
However the prediction shows greater change in maximum SPL value for the two lobes at a
polar angle of 60 and 100. Greater attenuation is predicted than has been measured for
both the barrel and the lip liners.
At a frequency of 4252Hz corresponding to EO = 30 the predicted far-eld SPL for multi-
mode and single rotor locked mode are presented in Figure 7.16. The rst radial order of
azimuthal mode m = 30 (30,1) is considered. Three radial orders are cut-on at this frequency.
The barrel liner scatters some of the rst radial order into the second radial order. Mode
order 30 has a greater cut-o ratio than seen previously and less attenuation is achieved by
the liner. Adding the lip liner signicantly attenuates this mode but it is still predicted to
have a greater SPL than the multi-mode component.
The predictions are compared with the measured data in Figure 7.17. The predicted multi-
mode and rotor locked single mode are summed in an uncorrelated manner in Figure 7.17(a).
These predictions agree reasonably closely with the measured data in Figure 7.17(b). TheChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 134
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Figure 7.16: Far-eld prediction vs measurement for EO=30 at 100%NLc. Legend: Hardwall (HW), Barrel
(B) and Barrel plus Lip (B+L)
rotor locked mode appears to dominate the predicted hardwall eld shape more than the
measured data at lower polar angles. The barrel liner prediction is a closer representation
of the measured data but the second lobe is not predicted to contain as much energy. With
the lip liner added to the barrel liner there is reasonable correlation between the predicted
and measured data. Prediction of attenuation for modes close to cut-on is less reliable than
for propagating modes.
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Figure 7.17: Far-eld prediction vs measurement for EO=30 at 100%NLc. Legend: Hardwall (HW), Barrel
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7.4 Prediction for a broadband multi-mode noise source
Calculations were performed for the 1/3 octave band centre frequencies shown in Table 7.4 at
four engine conditions. The results are presented as far-eld SPL's for polar angles between
0 and 120 for a single frequency. In each gure the hardwall eld shape is shown with
the barrel lined and barrel plus lip lined directivities. Using this method it is possible to
identify the performance of the acoustic treatments over a range of angles and frequencies.
From Table 7.5 the optimum frequency for the liner can be identied at approximately
3.5kHz where the reactance is close to zero. Attenuation contour plots against resistance and
reactance in the SYMPHONY optimisation study have shown the attenuation is maximum
where the reactance is at zero.
In Figure 7.18 predictions are shown for three 1/3 octave band centre frequencies between
1kHz, 2kHz and 4kHz at 60%Nlc. This engine speed is typical of that required for the
appraoch certication condition. Attenuation from the barrel liner is shown across the polar
angle region for the three frequencies. Addition of the lip liner produces a benet at all
frequencies. The level of attenuation achieved varies with polar angle and frequency. At a
frequency of 1kHz a small benet is seen at polar angles between 0 and 20. Whereas, at
4kHz no benet is shown between 0 to 20.
Figure 7.19 shows the predicted far-eld SPL at 80%Nlc for the same three frequencies
discussed at 60%Nlc. This engine speed is typical of that required for the cut-back cer-
tication condition. Attenuation is achieved across the polar angle region with the barrel
liner installed. Adding the lip liner reveals some interesting behaviour. At 1kHz for polar
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Figure 7.18: Far-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Figure 7.19: Far-eld SPL, broadband multi-mode, 80%NLc
angles between 0 to 20 the SPL is greater with the lip liner installed than without it. This
suggests the lip liner is changing the directivity of the far-eld sound pressure. Whilst an
increase in SPL is not desireable this change in directivity may have a positive eect on
aircraft certication. This is due to the benet seen at polar angles between 40 and 90
where attenuation is most desireable. Increasing the frequency to 2kHz and 4kHz shows the
lip liner has little eect close to the engine axis with a more positive inuence as the polar
angle increases.
The predicted far-eld SPL for 90%Nlc are shown in Figure 7.20. This engine speed is
typical of that required for the sideline certication condition. Frequencies of 1kHz, 2kHz
and 4kHz are considered here for consistency with previous engine speeds. At a frequency
of 1kHz adding the lip liner shows an increase in SPL at polar angles between 0 and 30.
Whilst this is a reduction in total attenuation a benet is seen for the critical angles between
40 and 90. A benet is seen from the lip liner at a frequency of 2kHz for polar angles
less than and greater than 40. At 40 no benet is seen. There is a similar situation at a
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Figure 7.20: Far-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frequency of 4kHz where a benet is seen at polar angles less than and greater than 60.
For an engine speed of 100%Nlc the far-eld SPL are shown in Figure 7.21. The same three
frequencies are considered as for the previous engine conditions. At 1kHz the lip liner shows
no benet at polar angles less than 40. For polar angles greater than 40 a benet is seen
from the lip liner. The lip liner shows a benet across the entire polar angle region at a
frequency of 2kHz. Greatest attenuation is seen outside of the critical polar range between
40 and 90. At a frequency of 4kHz the lip liner shows a fairly consistant benet acros the
entire polar angle range.
In gure 7.22 the attenuations in PWL for the polar angle range between 40 and 90 and
frequencies between 100Hz and 5kHz are shown for both the barrel and lip liners at each
of the four engine speeds considered. The lip liner shows a clear benet for a signicant
frequency range. Importantly a benet is shown for the frequencies between 2kHz and 4kHz
which have a signicant impact on calculating EPNL due to the Noy weighting. Increasing
the engine speed reduces the frequency at which the maximum achievable attenuation is
found. This is due to the eective wavelength being shortened by the increased air ow.
Figure 7.23 shows the attenuation in SPL for the lip liner at 60%NLc. Contours of atten-
uation are shown in Figure 7.23(a) for frequencies between 0.5 and 2 BPF. These compare
favourably with those presented by Gantie and Clewley [67] using a 3D ACTAN model.
In Figure 7.23(c) SPL values using the 2D and 3D ACTRAN models are compared. It is
assumed that the results presented using the 3D ACTRAN model at approach, cut-back
and sideline are approximately equal to 60%, 80% and 90%NLc applied to the 2D AC-
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Figure 7.21: Far-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Figure 7.22: Attenuation achieved between 40 and 90 degrees by incorporating acoustic liners into the barrel
and lip of the intake
TRAN model. The 2D model compares well with the 3D model predicting slightly greater
attenuation.
At 80%NLc, approximately equal to the cut-back condition, the benet from the lip liner is
shown in Figure 7.24. Figure 7.24(a) shows contours of attenuation for frequencies between
0 and 2 BPF and a range of polar angles between 0 and 110. These predictions are in
good agreement with the 3D model presented by Gantie and Clewley. In Figure 7.24(c) good
agreement is seen between the 2D and 3D ACTRAN models at BPF.
In Figure 7.25 predictions for lip liner attenuation at 90%NLc are considered. The contours
of attenuation in Figure 7.25(a) compare well with those from the 3D model presented by
Gantie and Clewley. Predictions from the 2D and 3D models are compared in Figure 7.25(c)
at BPF. These attenuations show good agreement with the 2D model predicting slightly
greater attenuation.Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 139
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Figure 7.23: Additional attenuation at 60%NLc achieved from acoustically treating the intake lipChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 140
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Figure 7.24: Additional attenuation at 80%NLc achieved from acoustically treating the intake lipChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 141
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Figure 7.25: Additional attenuation at 90%NLc achieved from acoustically treating the intake lipChapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 142
7.5 Discussion
This study has shown that a lip liner can provide a noise benet when added to a barrel
liner. The ACTRAN/TM predictions have been compared with measured fan rig data. The
greatest benet is observed for the EO tones. This compares well with previous lip liner
studies by Hamilton [12] [13] who observed in the order of 15dB of attenuation at BPF for
the cut-back engine condition. In this study 80%NLc is considered typical of the cut-back
condition and the predictions are shown in Figure 7.8 for BPF . In this case the single
mode considered is only just cut-on and the attenuation predicted is much greater than
15dB. At 100%NLc the singe mode considered at BPF in Figure 7.14 is well cut-on and the
attenuation by the lip liner is more comparable with Hamilton's ndings. The cut-on ratio
is an inuencing factor when considering the attenuation of the rotor locked component of
engine order tones.
For broadband noise the lip liner has been shown to be less eective as previously noted by
Hamilton but the predicted benet compares well with three dimensional modelling presented
by Gantie and Clewley [67]. In Figure 7.24 for the cut-back engine condition up to 5dB of
attenuation is predicted at BPF with both the two-dimensional and three-dimensional models
in close agreement.
Each CAA computation is performed at each frequency for three liner congurations. The
computation at BPF (1708Hz) for 60%NLc takes approximately 6 minutes on a single pro-
cessor with a clock speed of 2.67GHz. At this frequency there are 58 modes cut-on at the
fan plane with the highest azimuthal mode order m = 12. The computation time rises to
nearly an hour for BPF (2557Hz) at 90%NLc where 156 modes are cut-on with the highest
azimuthal mode order m = 22.
The total computational time required to generate Figures 7.23(a), 7.24(a) and 7.25(a) for all
three engine conditions by using ACTRAN/TM is less than 10 hours for the two-dimensional
problem. The computational time for the three dimensional problem was not available for
comparison but it would be expected to be signicantly longer due to the much larger
problem size.Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 143
7.6 Summary
In this chapter predictions have been presented for the eects of adding a lip liner to a
barrel lined duct. These have been compared to measured data from rig tests. This data
was acquired at AneCom and includes the eects of representative air ow through the duct.
Engine order tone frequencies have been studied with both multi-mode and single-mode
(rotor locked) components considered. At 80% speed there is a problem with the m = EO
modes predicted to be cut-o but the measured data indicates the presence of single mode
contributions. It is unclear what the reasons are for this disparity. The three dimensional
eects of the negatively scarfed intake could be a contributing factor but there is currently
no evidence to support this. The lip liner is shown to have a benet for all multi-mode
noise sources. For the single mode noise sources the lip liner shows signicant attenuations.
However, when calibrated with the multi-mode noise source the barrel liner is shown to
attenuate the dominant single modes suciently at all but the highest engine speeds. At
90% and 100% speeds, where the barrel liner is less eective, additional attenuation of up to
10dB can be achieved by a lip liner. This is indicated both in the predicted and measured
eld shapes.
Broadband noise sources have also been considered between 100Hz and 5kHz. Predictions
indicate that the lip liner can provide additional attenuation for a large range of frequencies.
Up to 2dB of attenuation can be seen for all engine conditions between 2kHz and 4kHz which
is signicant for EPNL calculation. Predictions for lip liner benet from the 2D axisymmetric
model were shown to compare well with the 3D predictions presented by Gantie and Clewley.
Generating axisymmetric predictions is much less demanding on computer resources than
for a fully three dimensional model. This provides the ability to produce results in a more
industrial time frame of hours rather than days or weeks that could be required for a three
dimensional model.Chapter 7. Comparison of lip liner rig data and ACTRAN/TM predictions 144Chapter 8
Conclusions and future work
8.1 Conclusions
In this thesis work is reported on developing and implementing more ecient and eective
prediction models to assist the design of quieter turbofan aeroengines. The emphasis has been
on methods which can be implemented currently in an industry environment. Optimisation
studies have been performed with ANPRORAD-ACTRAN/TM using full scale and rig scale
intake geometries. The coupled process of model creation and noise predictions was executed
repeatedly for a sequence of frequencies and engine conditions to evaluate the performance of
acoustic liners. These calculations were performed within a timescale acceptable to industry;
hours to days rather than weeks. In order to achieve this target an automated system for
multiple ANPRORAD-ACTRAN/TM jobs has been developed and applied. The intake liner
conguration of main interest was an intake lip liner.
An optimisation study was conducted for the barrel and lip liners of a typical intake at
ight conditions. The process of optimising acoustic treatment of an intake lip has been
demonstrated. Results of the optimisation are presented and discussed in application to a
single layer acoustic liner. The predictions show a benet of 1-3dB for an optimised lip liner
at frequencies greater than approximately 630Hz across all three engine conditions. The
greatest benet is predicted for the sideline condition where the optimal impedance values
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for a lip liner are similar to those of a barrel liner. Based on the results, acoustic liners were
designed for no-ow scale rig tests.
The performance of a barrel liner and a lip liner have been studied with a broadband (multi-
mode) noise source. Measured data acquired during tests conducted in the ISVR anechoic
chamber have been appraised against numerical predictions of the test rig. Three lengths of
barrel liner have been considered with length to duct ratios of 0.3, 0.5 and 1.
Comparisons between predicted and measured attenuation in sound power have been made
over a range of frequencies for the three lengths of barrel liner studied. The attenuation is
consistently over predicted at high frequencies. This may be due to the impedance values
predicted by the SDOF liner model used in the ACTRAN/TM model. The predicted attenu-
ation for a lip liner is typically higher than the measured values. For both the measured and
predicted values the lip liner demonstrates greatest attenuation with the longest barrel liner
(L/D=1). The lip liner appears to show greater benet with increased barrel liner length.
Predictions have been presented for the eects of adding a lip liner to a barrel lined duct
and have been compared to measured data from fan rig tests at AneCom Aerotest. This
data includes the eects of representative air ow through the duct.
Noise sources generated by engine order tone frequencies have been studied. Both the multi-
mode and single-mode (rotor locked) components are considered. At 80% speed there is
a problem with the m = EO modes which are predicted to be cut-o, but the measured
data indicates the presence of single mode contributions. It is unclear what the reasons are
for this disparity. The three-dimensional eects of the negatively scarfed intake could be a
contributing factor but there is currently no evidence to support this. The lip liner is shown
to have a benet for all multi-mode noise sources.
Broadband noise sources have been considered for the rig conguration between 100Hz and
5kHz. Predictions indicate that the lip liner can provide additional attenuation for a large
range of frequencies. Up to 2dB of attenuation can be seen for all engine conditions be-
tween 2kHz and 4kHz which is signicant for EPNL calculation. Predictions for lip liner
benet from the 2D axisymmetric model were shown to compare well with the previous 3DChapter 8. Conclusions and future work 147
predictions.
The material presented in this thesis show that numerical predictions can provide good
agreeement with measured data. Lip liners have been shown to provide an acoustic benet
in the majority of cases and are most eective at high engine speeds.
A relatively small computational problem for a single azimuthal order, a low frequency
(under 500Hz) and fan speeds typical of the Approach condition can be computed in a
number of seconds. Solution times increase dramatically as the problem size increases. As
the frequency and fan speed increase so do the number of propagating azimuthal modes and
the overall problem size. Consequently higher frequency cases and higher ow speeds become
more computationally expensive and indeed any kind of optimisation study requiring many
iterations can take weeks to run. Adding a third dimension to the problem is even more
demanding on computational resources.
8.2 Future work
This thesis has introduced a large scale optimisation procedure which can be applied to
turbofan intake problems to reduce engine noise. There are further developments that can
be made to the methods presented to provide even greater benet to the design of quieter
turbofan engines.
The axisymmetric models used in this thesis have provided good agreement with measured
data but current prediction models are limited by model sizes for 3D problems. An inability
to model boundary layer eect exists, particularly over liners when using an irrotational
mean ow. There is also a tendency to over-predict liner attenuation for single tones. Scope
exists for future development of better prediction models to overcome these deciencies.
Data has been appraised from both no-ow intake tests at the ISVR and fan rig tests
at ANECOM. Some reasonable agreement has been shown with the numerical prediction
models. The validation of these prediction models requires high delity measurements of the
sound eld and the source. Such data is seldom available. Source data becomes particularlyChapter 8. Conclusions and future work 148
dicult to infer in many instances. Higher delity data is needed for validation purposes.
Attenuation tables have been generated and used for the optimisation of acoustic liners both
in the intake barrel and on the intake lip. Further work should be undertaken to automate
the use of attenuation tables within more general liner optimisation procedures.Bibliography
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